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Lithium-ion batteries provide high energy density while being compact 
and light-weight and are the most pervasive energy storage technology powering 
portable electronic devices such as smartphones, laptops, and tablet PCs. 
Considerable efforts have been made to develop new electrode materials with 
ever higher capacity, while being able to maintain long cycle life. A key 
challenge in those efforts has been characterizing and understanding these 
materials during battery operation. While it is generally accepted that the 
repeated strain/stress cycles play a role in long-term battery degradation, the 
detailed mechanisms creating these mechanical effects and the damage they 
create still remain unclear. Therefore, development of techniques which are 
capable of capturing in real time the microstructural changes and the associated 
 
 
stress during operation are crucial for unravelling lithium-ion battery degradation 
mechanisms and further improving lithium-ion battery performance. This 
dissertation presents the development of two microelectromechanical systems 
sensor platforms for in situ characterization of stress and microstructural changes 
in thin film lithium-ion battery electrodes, which can be leveraged as a 
characterization platform for advancing battery performance. 
First, a Fabry-Perot microelectromechanical systems sensor based in situ 
characterization platform is developed which allows simultaneous measurement 
of microstructural changes using Raman spectroscopy in parallel with qualitative 
stress changes via optical interferometry. Evolutions in the microstructure 
creating a Raman shift from 145 cm−1 to 154 cm−1 and stress in the various crystal 
phases in the LixV2O5 system are observed, including both reversible and 
irreversible phase transitions. Also, a unique way of controlling 
electrochemically-driven stress and stress gradient in lithium-ion battery 
electrodes is demonstrated using the Fabry-Perot microelectromechanical 
systems sensor integrated with an optical measurement setup. By stacking 
alternately stressed layers, the average stress in the stacked electrode is greatly 
reduced by 75% compared to an unmodified electrode. After 2,000 discharge-
charge cycles, the stacked electrodes retain only 83% of their maximum capacity 
while unmodified electrodes retain 91%, illuminating the importance of the 
stress gradient within the electrode. 
Second, a buckled membrane microelectromechanical systems sensor is 
developed to enable in situ characterization of quantitative stress and 
 
 
microstructure evolutions in a V2O5 lithium-ion battery cathode by integrating 
atomic force microscopy and Raman spectroscopy. Using dual-mode 
measurements in the voltage range of the voltage range of 2.8V – 3.5V, both the 
induced stress (~ 40 MPa) and Raman intensity changes due to lithium cycling 
are observed. Upon lithium insertion, tensile stress in the V2O5 increases 
gradually until the α- to ε-phase and ε- to δ-phase transitions occur. The Raman 
intensity change at 148 cm−1 shows that the level of disorder increases during 
lithium insertion and progressively recovers the V2O5 lattice during lithium 
extraction. Results are in good agreement with the expected mechanical behavior 
and disorder change in V2O5, highlighting the potential of 
microelectromechanical systems as enabling tools for advanced scientific 
investigations. 
The work presented here will be eventually utilized for optimization of 
thin film battery electrode performance by achieving fundamental understanding 
of how stress and microstructural changes are correlated, which will also provide 
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Chapter 1: Introduction 
1.1 Motivation and background 
Lithium-ion batteries (LIBs) are the most pervasive energy storage device 
providing high energy density while being light-weight and compact, powering 
a variety of devices such as laptops, smartphones, and tablet computers. Recently, 
new electric transportation systems including hybrid electric and fully electric 
vehicles require rechargeable batteries to have even higher energy density and 
longer cycle life as well as lower cost and improved safety [1]. Therefore, a 
considerable amount of research has been directed towards developing new 
electrode materials in order to provide even higher capacity, maintaining long 
cycle life. A major challenge in these efforts has been characterizing and 
understanding these materials while batteries are in a state of operation.  
Most LIB electrode materials react with Li-ions via intercalation into 
interstitial sites or channels within the host lattice or by alloying mechanism with 
the electrode material [1,2]. While it is generally accepted that the repeated 
strain/stress cycles play a role in the long-term battery degradation, the detailed 
mechanisms still remain unclear [3–6]. Therefore, measurement techniques 
which are capable of acquiring the microstructural changes and associated stress 
in real time are crucial for identifying underlying mechanisms of LIB 
degradation and advancing battery performance.  
A variety of chemical and physical processes take place. These include 





‘phase’) transitions/transformations, which render battery systems more 
complicated and difficult to understand. In situ methods allow direct monitoring 
of these phenomena and offers the capability to directly link these processes to 
the electrochemical response of the battery. In the context of batteries, “in situ” 
refers to measurements taken on materials in their original position (i.e. inside 
the device) without disassembling the battery itself [7], which  allows more 
realistic characterization of the batteries. By contrast, ex situ measurements take 
place only after disassembling the battery which can lead to contamination 
during sample preparation and handling between battery use and characterization.  
However, conducting in situ experiments can be challenging since 
batteries must be fully operational under the circumstances imposed by the 
monitoring tool, which often demands specially designed devices, packaging 
methods, and measurement setups, thereby preventing straightforward 
application of in situ techniques. Advantageously, in the past few years, 
significant progress has been made with new, more advanced, in situ techniques. 
Among these, the multi-beam optical stress sensor (MOSS) [8] has proven to be 
an effective method for characterizing the stress evolution in LIB thin film 
electrodes during cycling. While the technique has proven to be advantageous 
for mechanical characterization, the limited ability to directly access the 
electrode restricts its potential integration with other methods that could provide 
microstructural and chemical composition information. In addition to stress 





microstructural characterization of LIB electrodes. For example, in situ 
transmission electron microscopy (TEM) [9] provides direct imaging of the 
microstructural changes of individual nanowire or nanoparticle electrodes with 
near-atomic resolution in real time. Crystallographic changes which occur inside 
the battery electrode as it is lithiated and delithiated have also been investigated 
using in situ X-ray diffraction [10] (XRD) and absorption methods [11]. 
Nevertheless, these methods are restricted to providing only structure or phase 
evolutions of the electrode during lithium cycling. 
This work addresses the aforementioned limitations through the 
utilization of microelectromechanical systems (MEMS). MEMS technology 
holds great potential for studying Li-ion battery electrodes. It has been used to 
characterize mechanical properties of various thin film materials due to its high 
sensitivity and accuracy [12]. MEMS sensors are compact and light weight, 
which enables them to be packaged in various forms such as Teflon and coin 
cells [13,14]. These features of MEMS provide versatility to tailor the 
experimental setups in less restricted ways, while allowing precise measurement 
results. In this work, a Fabry-Perot MEMS sensor and a buckled membrane 
MEMS sensor platforms are designed to enable multi-modal, real-time 
monitoring of stress and microstructure changes, which are critical factors 
affecting LIB performance. Additionally, the Fabry-Perot MEMS sensor is 
utilized to study impact of electrochemically-driven stress and stress gradient in 





mechanisms. Particular emphasis is placed on the design, fabrication, and 
packaging of the MEMS sensors which are critical factors enabling the 
integration of the MEMS sensors with scientific equipment. Moreover, a 
significant amount of effort is focused on the working principle of the integrated 
platforms to demonstrate unique advantages of the integrated platforms offering 
in situ analysis on the stress changes and characterization of the microstructural 
evolutions in different phases of the LIB electrode in a unified setup.  
The detailed research goals of this dissertation are: (1) to develop and 
fabricate MEMS sensors as a key enabling factor for building novel platforms 
for battery research, (2) to integrate the MEMS sensors with scientific equipment 
to demonstrate multi-modal, in situ characterization platforms for thin film LIB 
electrodes, (3) to provide additional insights into battery degradation 
mechanisms by investigating critical factors affecting LIB performance. By 
selecting a complex LixV2O5 model electrode to demonstrate the utility of the 
integrated platforms, demonstrating its applicability to other battery electrode 
materials. Thus, the approaches demonstrated in this work are expected to open 
up new avenues to investigate critical factors affecting LIB performance. 
1.2 Thesis contributions 
The research described in this dissertation seeks to utilize the advantages 
of MEMS technology to develop novel experimental platforms for in situ 
characterization of LIB electrodes. The MEMS sensors are a key contributing 





dissertation contributes to the field of battery research by demonstrating the 
MEMS sensors integrated with different measurement setups can be utilized in 
the following aspects:  
1.2.1 In situ characterization of qualitative stress and microstructural changes in LIB 
electrode 
Lithium insertion/extraction into/from different host materials is 
generally accompanied by strain of the host material, causing stress which can 
lead to degradation of the battery performance. Therefore, characterizing the 
microstructural changes and associated stress remains a key need for developing 
high-performance batteries, which has been mainly limited to providing either 
the structural or stress changes for battery research.  
This dissertation demonstrates a novel platform which integrates a Fabry-
Perot MEMS sensor with a commercially available Raman microscope which 
allows simultaneous measurement of microstructural changes using micro-
Raman (μRaman) spectroscopy in parallel with qualitative stress changes via 
optical interferometry. Characterization of the evolution in microstructure and 
stress in various crystal phases in the Li-V-O system is achieved, including both 
reversible and irreversible phase transitions. Also, spectral shifts in certain 
Raman active modes are correlated with changes in the electrode stress, 





1.2.2 Investigation of battery degradation mechanism using Fabry-Perot MEMS 
Sensor 
Continuous volume expansion/contraction-induced stress in LIB 
electrodes gradually deteriorates battery performance. Therefore, considerable 
efforts have been made to study in situ stress evolution. However, the stress 
gradient in the electrode and its effect in the battery performance has largely 
remained unknown since it can only be studied using finite models or numerical 
simulations. Therefore, there is a need for development of techniques for 
controlling the stress and stress gradient in LIB electrodes and investigating their 
relationship with battery degradation mechanisms. 
In this part of the work, the stress and stress gradient in a V2O5 cathode 
are modified via combining two different crystal phases of the electrode material 
for investigation of battery degradation mechanisms. The crystal phase-
dependent stress changes in the V2O5 cathode are characterized in situ using the 
Fabry-Perot MEMS sensor integrated with an optical measurement setup. By 
stacking alternately stressed layers, the average stress in the electrode is greatly 
reduced by 75% while a high stress gradient is believed to be induced at the 
boundary of the layers. This method provides a unique opportunity of exploring 
effects of the stress and stress gradient on LIB battery performance which have 





1.2.3 In situ characterization of quantitative stress and microstructural changes in 
LIB electrode  
While the Fabry-Perot MEMS sensor integrated with the Raman 
spectroscopy setup offers unique advantages in terms of characterizing LIB 
electrodes, the stress changes studied with the platform remain qualitative. This 
prevents more detailed investigations such as fracture energy or stress-potential 
coupling of the lithiated electrode, which can only be deduced from measuring 
stress changes in the electrode quantitatively.  
In order to address this limitation, a buckled membrane MEMS sensor is 
developed and integrated with equipment capable of performing atomic force 
microscopy (AFM) and Raman spectroscopy measurements in a unified setup. 
The buckling height changes are measured using AFM, enabling quantification 
of the stress changes in the electrode. At the same time, Raman spectroscopy is 
utilized to probe the electrode in order to examine the microstructural changes 
during battery operation. Thus, the buckled membrane MEMS sensor platform 
demonstrates a new technique which can simultaneously analyze the two critical 
factors related to battery degradation mechanisms. This experimental platform 
can be utilized for optimization of the thin film battery electrode performance by 
achieving a fundamental understanding of how the stress and the microstructural 





1.3 Literature review 
1.3.1 Li-ion battery principle of operation 
Secondary (rechargeable) Li-ion batteries are the most popular energy 
storage devices which provide high gravimetric/volumetric capacity, high power 
rates, low self-discharge and low maintenance requirements [15–18]. 
Commercially available Li-ion batteries are mostly composed of a carbonaceous 
anode (generally graphite), an anode current collector, an organic electrolyte 
with a Li-containing salt (e.g. LiPF6), a lithium metal oxide cathode (e.g. LiCoO2 
or LiMnO2), and a cathode current collector as shown in Figure 1-1.  
 
Figure 1-1: Schematic diagram drawing of a conventional Li-ion battery showing the anode, 
cathode and electrolyte. When the cell is charged, Li-ions are extracted from the cathode, 
transported through the Li-ion conducting electrolyte, and inserted into the anode. When 
discharging, the Li-ions are extracted from the anode and inserted into the cathode while 






Reversible insertion/extraction into/from an electrode material during the 
discharge/charge process occurs in Li-ion batteries. The lithium 
insertion/extraction process occurs with a flow of ions through the electrolyte, 
which is accompanied by a reduction/oxidation (redox) reaction of the host 
matrix assisted with a flow of electrons through the external circuit [19]. 
Recently, alloying anodes such as Si, Sn, Sb, Al, which form alloys with 
lithium, have received significant attention since they can provide much higher 
specific capacity compared to the commercially available graphite anode (372 
mAh g−1 ) [20–22]. Unfortunately, these alloying anodes are accompanied by 
large volume changes during lithium cycling which lead to a large irreversible 
capacity loss at the initial cycle and poor cycling behavior. However, it is 
reported in literature that properly designed microstructure can reduce the 
electrode degradation due to the volume changes during discharge (lithiation) 
and charge (delithiation). As an example, silicon has been considered as one of 
the most promising anode materials due to its very high gravimetric and 
volumetric capacity. Silicon, which is abundant and environmentally safe 
[23,24], has a theoretical specific capacity of 4212 mAh g−1 when it forms a fully 
lithiated alloy (Li4.4Si). Its commercial use in rechargeable Li-ion batteries has 
been limited by the poor cycling stability of bulk silicon. During lithiation, the 
large volume change (> 300%) induces high internal stress, pulverization of the 
electrode and subsequent loss of electrical contact between the electrode and 





participate in the electrochemical reaction which causes poor reversibility and 
rapidly declining capacity [25]. Adapting nano-scale morphologies has the 
potential to solve this limitation by accommodating the large stresses associated 
with the expansion and contraction inside the electrode during electrochemical 
cycling.  
A number of morphologies have been investigated to minimize electrode 
pulverization and capacity loss in silicon, including thin films, and nano-scale 
materials [26,27]. These morphologies improve cycling stability by 
incorporating pores and voids to accommodate volume expansion, or by utilizing 
high surface-to-volume ratio to manage the internal stress. Amorphous thin 
silicon films (> 200 nm) have demonstrated the highest capacities and longest 
cycle lives. Scanning electron and optical microscope observation of 
electrochemically cycled thin films have revealed that the cracked films, which 
form islands resembling mudflats, remain attached to the substrate after lithium 
extraction. Figure 1-2 shows the morphology of a thin silicon film after cycling 
[28]. The active material can be cycled without additional cracking after initial 
fracture occurs in early cycles. Thin silicon films with optimized thickness retain 
their capacity after capacity loss at the first cycle since electrical contact between 






Figure 1-2: (a) SEM image of a 500 nm silicon film before electrochemical cycling; (b)-(d): 
cracking patterns formed on silicon films of different thicknesses: (b) 1000 nm thick, after 5 
cycles, (c) 500 nm thick after 5 cycles, (d) 200 nm thick, after 10 cycles [28]. (Reprinted with 
permission from J. Li, A.K. Dozier, Y. Li, F. Yang, and Y.-T. Cheng, Journal of The 
Electrochemical Society, 158, A689 (2011), Copyright 2011, The Electrochemical Society) 
Silicon is an exemplary case which indicates the importance of correlating 
electrode microstructure and stress with device performance. This information 
also demonstrates the optimized microstructure of the material can be efficiently 
used to fully utilize its promising potential. However, as illustrated in Figure 1-2, 
a forensic, destructive examination of the electrode is generally needed to 
provide this correlation. Little has been reported on the in situ measurement of 
mechanical, compositional and structural parameters, despite their general 
recognition as major factors in the degradation of battery performance. To 





each cycle and degrade over time inside an actual battery cell. Therefore, in situ 
measurement techniques are needed to enable real-time identification of 
operational parameter contribution to battery failure (i.e. current and voltage 
range used), as well as enable understanding of dynamic changes of stress and 
microstructure during electrochemical charge/discharge. The understanding of 
such changes could be applied to the design criteria for various electrode systems. 
Throughout this work, thin film Vanadium pentoxide (V2O5) is selected 
as a model electrode to demonstrate the capability of the MEMS sensor platforms. 
V2O5 is an attractive material as cathode in LIB due to its high capacity. It can 
accommodate up to three lithium ions per mole of oxide, providing a specific 
capacity of 450 mAh g−1 within the voltage range from 1.5V – 4V [3,29–31]. The 
electrochemical performance of LIB electrodes are strongly dependent on the 
structural changes caused by the lithium insertion/extraction process, and 
considerable efforts have been made to study the structural dependent 
characteristics of V2O5 and its lithiated LixV2O5 phases, which make it suitable 
for verifying the feasibility of the MEMS sensor platforms.    
1.3.2 Advantages of utilizing MEMS technology 
MEMS is a relatively new technology aiming towards the miniaturization 
of sensors, actuators and systems. MEMS stems from the same technologies that 
produced transistors, which subsequently revolutionized the electronic industry. 
The term MEMS is now widely applied to a wide variety of miniaturized devices 





microelectronics industry. These techniques are isotropic and anisotropic etching, 
various thin film deposition methods, wafer bonding, masking and doping. The 
main advantage of MEMS technology is that the scaling properties of the 
different structural materials and transduction mechanisms (e.g. electrical, 
magnetic, thermal etc.) allow MEMS devices to be smaller, lighter, more energy-
efficient, and more sensitive than their macroscopic counterparts [19]. MEMS 
technology has been extremely successful in the context of physical sensing and 
has produced a wide range of small and inexpensive devices such as 
accelerometers, strain gauges, microphones, pressure sensors, and many more 
[32]. 
 
Figure 1-3: Micromechanical characterization of nano-membranes. A bulging test measures the 
response of a suspended membrane to an overpressure. The membrane deflection is measured to 
produce a pressure versus deflection curve, from which mechanical parameters can be extracted. 
The deflection can be measured optically either by viewing the film from the side (left) or by 
using an interferometry setup (right). The rings of the interference pattern can be correlated to 
the membrane deflection [33]. (Reprinted with permission from W. Cheng, M.J. Campolongo, 






An important aspect in MEMS technology is to increase the reliability of 
the devices, which largely depends on understanding the mechanical properties 
of the component materials [34–36]. However, standard methods for 
characterization of materials have not yet established. For the purpose of 
mechanical characterization of active materials, many efforts are under way by 
different research groups to investigate the mechanical properties on free 
standing thin films utilizing MEMS technology [37]. Typical methods impose a 
fixed displacement on MEMS fabricated devices (e.g. cantilever and membrane) 
using a nano-positioning motor or an on-chip actuator and measure the load as 
shown in Figure 1-3.  
A pressure is applied to one side of a clamped membrane, causing the 
membrane to expand in the opposite direction. The relationship between the 
pressure difference and the observed membrane deflection is recorded. By 
analyzing the load-deflection behavior of the film, biaxial modulus and in-plane 
residual stress can be extracted. These techniques show that MEMS devices have 
distinctive capabilities, making them capable of characterizing free standing thin 
films with greater sensitivity and precision. 
Utilization of MEMS technology in characterizing Li-ion battery 
electrodes has been demonstrated as well [13,38–41]. During battery operation, 
Li-ion battery electrodes experience compressive/tensile stress due to volume 
expansion (and contraction) induced by Li-ion insertion/extraction as explained 





technology and coated with Li-ion battery electrodes on one side is small enough 
to be embedded in Li-ion battery cells. The stress changes in the Li-ion battery 
electrodes during battery operation cause deflection due to the stress gradient 
along the devices. The deflection of the devices are generally measured using 
optical methods in order to analyze the stress changes in the Li-ion battery 
electrode during battery operation. However, the analysis has been limited to the 
stress changes in the electrode. But it has not been able to demonstrate 
simultaneous quantitative stress and microstructure changes in the electrode as 
discussed in more detail later. 
1.3.2 Membrane theory 
Membranes are an important mechanical basic element in MEMS. They 
are made out of silicon, silicon dioxides, silicon nitrides, polymers, and metals. 
The thickness of typical membranes are in the range of 0.5-500 μm. The lateral 
dimensions of the membranes are in the range of 100 μm and 10 mm. In general, 
there are two types of membranes which are frequently used in MEMS Thick 
and thin membranes as shown in Figure 1-4.  
A membrane is called thick when its maximum deflection (w0) is smaller 
than its thickness (dM). When the deflection is larger than the thickness, it is 
called thin membrane [42]. A thick membrane is sometimes called a plate as well. 
These membranes can be used for a multitude of applications such as pressure 
sensors, switches, microvalves, and micro-pumps [43]. In this work, the thick 





in Li-ion battery electrodes. The thick membrane is chosen over other candidate 
platforms since it has distinct advantages: first, it is easier to fabricate compared 
to other microstructures such as cantilevers since membranes do not suffer from 
stiction and experience less fracture. Another advantage is that it can separate 
the measurement side from the battery side and as such it enables Raman 
spectroscopy of the active battery material underneath the membrane for 
characterizing microstructural changes without fluorescence generated from an 
electrolyte. An organic electrolyte, which is frequently used for Li-ion battery 
operation, creates a much more intense signal compared to the Raman signal 
when it is exposed to laser light, and this can limit Raman utilization. 
 
Figure 1-4: Simple schematic showing (a) thick and (b) thin membranes [42]. 
1.3.3.1 Membrane buckling 
Buckling is a mechanical phenomenon which can occur in structures such 
as beams or membranes. When the compressive stress in the structure becomes 
high, the structure becomes unstable. When the compressive stress in the 
structure reaches a critical stress, the membrane will buckle vertically without 





competing effects. The first effect is the tendency of a membrane structure to 
release the compressive stress by an out-of-plane deflection. The second effect 
is the restoring force which tends to drive the deflected structure to move back 
to its flat position due to a flexural rigidity of the structure. The buckled 
membrane has a lower total strain energy compared to the simply compressed 
state [44–46]. 
Buckling of the membrane has been utilized in the literature in the form 
of MEMS-based switches, micro-pumps, and mechanical memory devices due 
to its bi-stable nature and ability to translate small in-plane strain into relatively 
large vertical displacement, particularly useful in sensing and actuation for 
microsystems [45]. In this work, the membrane will be designed to translate the 
residual stress changes in Li-ion electrode into corresponding vertical 
displacement changes in the membrane. Therefore, it is a primary concern to 
calculate the buckling height (𝑤0) due to the stress in the membrane. Since 
buckling of the membrane is a specific status of a general membrane behavior, 
the buckling height can be derived from an equation which describes the 





























where 𝐸𝑀, 𝑣𝑀, RM, and 𝜎0 are the Young’s modulus, Poisson’s ratio, radius, and 
residual stress of the membrane, respectively. The buckling height of a 
membrane can be calculated by inserting a pressure drop equal to zero into (1) 
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Equation (2) can have three different solutions with respect to 𝑤0 
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The first solution (3) corresponds to a flat membrane. On the other hand, 
equation (5) describes the deflection of a bi-stable membrane, which can deflect 
either up or down, induced by the compressive stress in the membrane as shown 
in Figure 1-5.  
 
Figure 1-5: Deflection of a circular membrane as a function of its residual stress. 
The denominator under the square root in equation (5) is the critical stress, 
and this solution allows proper result only if the residual stress is more 
compressive than the critical stress. Equation (3) satisfies all residual stress states 
of the membrane. However, it is the only solution when the residual stress is 
more tensile than the critical stress. In fact, it is the only solution since the term 
under the root in equation (5) becomes negative. Therefore the membrane 





more compressive than the critical stress, the membrane can either deflect 
up/down (Figure 1-5 (Bi-stable membrane 1 and Bi-stable membrane 2)) or stay 
flat (Figure 1-5 (Unstable flat membrane)).  
One aspect that needs to be noticed here is that all the equations shown 
above are derived under the assumption that the membrane is composed of a 
single layer. However, as shown in our previous work [13], the membrane 
structure needs to be composed of different layers in order to perform 
electrochemical tests as a Li-ion battery. Therefore, a proper approach should be 
used in order to correctly account residual stress, Young’s modulus and 
Poisson’s ratio of the multi-layer structure membrane, which are important 
parameters for calculating the buckling height of the membrane (equation (5)). 
A simplistic approach is used in this work, which assumes the multi-layer 
membrane is operating as a single-layer membrane with effective mechanical 
properties. It has been shown in the literature that this approach adds negligible 
errors to the overall estimation of the membrane deflection [46–49], and 
analytical calculation results achieved from this approach will be compared to 
finite element analysis (FEA) results to validate the approach. 
1.3.3.1 Membrane structure 
The membrane layer structure design is adapted from our previous work 
[13], which is composed of silicon nitride (Si3N4), silicon dioxide (SiO2), current 
collector (Cr/Au) and active battery material. The Si3N4 and SiO2 layers are 





are released from the silicon (Si) substrate. Cr layer serving as an adhesion layer 
between SiO2 and Au current collector layers. Finally, the active battery material 
is deposited to form the electrode. The membrane structure is redrawn in Figure 
1-6, and naming rule of each layer’s residual stress (σi), Young’s modulus (Ei), 
Poisson’s ratio (vi), and thickness (di) is specified. The thicknesses of the layers 
are subject to change based on the residual stresses of each layers, which depend 
on different thin film deposition methods. 
 
Figure 1-6: Simple schematic representation of the multi-layer membrane (not drawn to scale). 
1.3.3.1 Effective residual stress 
Stresses in thin films have two primary origins, which are intrinsic and 
thermal [50]. Intrinsic stress arises during the deposition process such as 
sputtering, painting, spin coating, vapor deposition, and electrodeposition. The 
mechanisms that how intrinsic stress is generated are not well characterized 





transition, and evaporation of solvent [50]. On the other hand, thermal stress is 
created due to changes in temperature when the film and substrate have different 
coefficients of thermal expansion. For some cases, thermal stress can be 
extremely high (i.e. several GPa), and it can be a driving force for mechanical 
failure [50]. In this work, calculation of effective residual stress in multilayer 
membrane is the main focus.  
Effective residual stress (𝜎𝑒𝑓𝑓) of the multi-layer membrane is estimated 
by the following equation [51] 
 
 𝜎𝑒𝑓𝑓 = (








Based on the thicknesses of the films and the average stress values, a simple calculation 
provides the expected net stress. By using equation (6), as long as the film thicknesses 
can be precisely controlled, the overall stress in the structure can be optimized and 
accounted for, and a membrane structure with any desired stress state can be created. 
1.3.3.1 Effective flexural rigidity 
Flexural rigidity (D) of a single layer membrane can be defined by the 
Young’s modulus, Poisson’s ratio and cube of the membrane’s thickness (h) as 











The flexural rigidity needs to be estimated since the buckling height of 
the membrane is a combination of the residual stress and the flexural rigidity. In 
this work, effective flexural rigidity needs to be calculated due to the fact that 
the membrane structure is composed of multiple layers as shown in the previous 
section (1.3.3.1 Membrane structure). In calculation of the effective flexural 
rigidity, two different methods are reported in the literature. The first is a “law 
of mixtures”, which gives an average value of the Young’s modulus based on a 
volume fraction of each layers. The second method accounts for the non-
homogeneous distribution of different material properties within the structure 
better than a “law of mixture” treatment [47]. The effective Young’s modulus 
(Eeff) of a multi-layer structure of a membrane can be calculated using the “law 












where 𝐸𝑛 and 𝑣𝑜𝑛 are the Young’s modulus and volume fraction for each layer, 





for this work since the method is acceptable for specimens under uniaxial stress. 
On the other hand, Muralt et al. provide a model for clamped multi-layer 
membranes in piezoelectric micromachined ultrasonic transducers (pMUTs) 
utilizing a layer-wise formulation of an effective flexural rigidity. The effective 

























where 𝑧𝑛  is the height from the bottom plane of the membrane and 𝑑𝑛  is the 
thickness of the nth layer. The position of the 𝑧𝑠 is the position of the neutral 
plane. Utilizing equation (7) and (9), buckling height of the multi-layer 




















1.3.3 In situ characterization methods for Li-ion battery electrodes  
In situ, non-invasive characterization techniques are considered to be vital 
since they enable better understanding of the underlying mechanisms of Li-ion 
battery operation. Ex situ methods inevitably experience exposure to atmosphere 
during post-mortem analysis and this may affect some bulk and/or surface 
material properties. In situ characterization methods can be divided into two 
different categories depending on the purpose of the study: characterization of 
stress and microstructure changes. 
1.3.3.1 Stress change 
Measurement of stress evolution during battery operation has been a main 
focus of in situ characterization methods since the stress is responsible for 
cracking and capacity fading of LIB electrodes. Stress in electrodes can occur 
due to the internal chemical reactions taking place during electrochemical 
cycling. Also, external mechanical loads acting on the battery pack during 
manufacturing can cause stress in the electrodes [52]. In this work, the stress 
which is caused by the electrochemical processes (internal stress) will be 
discussed.  
The stress in the electrodes is primarily induced by changes in lattice 
dimensions, changes in crystal structures and phase transformations including 
both crystalline and amorphous phases, which are triggered by the 
insertion/extraction of lithium ions into/from electrodes. These effects are 





electrode against the constraining effects of the inactive regions of the electrodes 
or other parts of the cell (e.g. binder or current collector), causing mismatches 
regions leading to the stress development. The stress generation mechanisms 
which will be discussed in this work are schematically shown in Figure 1-7 and 
more detailed review on the causes of the stress development in electrode 
materials are reported by Mukhopadhyay and Seldon [52]. 
 
Figure 1-7: Schematic illustrations of (a) constraining of the in-plane dilation of thin film 
electrodes upon lithiation, by the inactive current collector/substrate and (b) Li-concentration 
gradient between lithiated and unlithiated portions of a particle, resulting in the development of 
stress discontinuities. The same is true for adjacent regions possessing different crystal 
structures/phases [52]. (Reprinted with permission from A. Mukhopadhyay and B.W. Sheldon, 






In situ characterization of stress change has been reported using various 
techniques. Cantilever beam-bending methods [38–41] have been adapted to 
measure changes in curvature of the substrate for stress calculation in thin film 
electrodes using the Stoney equation [53,54]. An exemplary case of a cantilever 
beam-bending experimental setup is shown in Figure 1-8.  
 
Figure 1-8: Schematic illustration of the experimental setup used for in situ stress transition 
measurement. a) The electrochemical cell and (b) the enlarged view of the cantilever-like 
working electrode [39]. (Reprinted with permission from H. Mukaibo, T. Momma, Y. Shacham-
Diamand, T. Osaka, and M. Kodaira, Electrochemical and Solid-State Letters, 10, A70 (2007). 
Copyright 2007, The Electrochemical Society) 
The active materials (pure Sn and Ni-62 atom % Sn alloy thin-film electrodes) 
are electrodeposited on a Cu cantilever. The deflection of the Cu cantilever 
induced by the stress generated at the interface between the active material and 





better cycle endurance than that of the pure Sn thin-film electrode due to lower 
stress generated within the electrode. 
However, the observations only remain qualitative and do not allow 
quantification of the desired mechanical properties due to the approximations 
required to accurately measure stress (i.e. uniformity of the film and substrate 
thickness).  
 
Figure 1-9: Overview of experimental system. (a) Cantilever overview and cross-section. Si 
cantilevers were fabricated to support a solid-state electrochemical cell on the top surface of the 
cantilever. Motion of the free end of the cantilever was observed during experiment. (b) 
Overview of experiment. Cantilever arrays supported on a microfabricated chip were electrically 
driven by a galvanostat while a white light interferometer was used to observe deflection of the 
cantilevers [55]. (Reprinted with permission from J.J. Brown, S.-H. Lee, J. Xiao, and Z. Wu, 







Figure 1-10: (a) Cell potential vs. capacity curve corresponding to lithium insertion and 
extraction in a Si thin film electrode cycled at a C/4 rate, (b) corresponding stress curve 
calculated from wafer curvature measurements, (c) schematic illustration of the electrochemical 
cell assembly and measurement set-up [8]. (Reprinted with permission from V.A. Sethuraman, 
M.J. Chon, M. Shimshak, V. Srinivasan, and P.R. Guduru, Journal of Power Sources, 195, 5062 
(2010). Copyright 2010, Elsevier) 
Recently, quantitative measurement of mechanical stress during lithium 
cycling in thin film silicon electrode was reported using cantilever platforms 
[55,56]. As shown in Figure 1-9, the composite cantilevers consist of suspended 
single-crystal silicon cantilevers, LiAlF4 electrolyte, Li2WO4 lithium reservoir, 
and Ag electrode layers are utilized, and the deflection of the cantilever 
associated with stress is monitored by white light interferometry [55]. After 
charge and discharge cycles, the cantilevers relax upwards which indicate that 
the material system used in this work experiences time-dependent stress 





Different approaches for quantitative analysis of stresses and strains have 
also been reported. Digital image correlation has been used to quantify diffusion 
induced strains in a graphite electrode by tracking lithiation regions with optical 
microscopy [57]. This is feasible due to color changes in graphite during ion 
insertion/extraction and cannot be readily applied to any electrode. However, the 
resolution of the optical microscopy is fundamentally limited due to the 
diffraction limit of visible light, which is not capable of monitoring 
microstructural changes. A more general and applicable method using multi-
beam optical stress sensor (MOSS) has proven to be an effective method for 
characterizing Li-ion battery thin film electrodes [5,6,8,14,58–60] (Figure 1-10). 
In MOSS technique, the substrate silicon wafer is coated with a silicon 
dioxide passivation layer, current collector and thin film active battery material 
of interest. The wafer is packaged in a customized electrochemical cell with an 
optical window. The electrode is in contact with lithium foil reference/counter 
electrode and electrolyte. During battery operation, the stress generated in the 
active battery material during lithium cycling changes curvature of the wafer. 
The change in the curvature is measured by shining an array of parallel laser 
beams on the wafer, and the stress is quantified by applying Stoney equation. 
This method enabled achieving important mechanical parameters such as 
average stress, biaxial modulus and fracture energy for both silicon thin film and 
commercial electrodes. While the technique is proven to be beneficial for 





combination with other techniques. The parallel laser beams need to shine the 
bare silicon wafer surface through the optical window while the electrode surface 
needs to be facing opposite side of the optical window. This limitation restricted 
its potential integration with other methods for providing structural information 
on the electrodes. 
1.3.3.2 Microstructural change 
It is important to investigate the reaction kinetics and microstructural 
changes during battery operation in order to improve battery design and gain 
fundamental knowledge of physical mechanisms. A significant amount of 
research has been devoted to developing various in situ methods for battery 
studies. These techniques include optical microscopy, scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction 
(XRD), nuclear magnetic resonance (NMR) spectroscopy, and Raman 
spectroscopy [7]. 
Optical microscopy has been also utilized for monitoring microstructural 
changes in various LIB electrodes. Electrochemically induced macroscopic 
structural changes of electrodes and dendritic lithium formation can be 
investigated through (digital) optical microscopy [61–69]. Beaulieu and 
colleagues used in situ AFM optical microscopy to study the colossal volume 
changes and morphology of Si-Sn sputtered thin films during lithium cycling 
[70]. When lithium is inserted to alloy films on rigid substrates, the films expand 





perpendicular and parallel to the substrate, generating crack patterns similar to 
those found in dried mud (Figure 1-11). The in situ microscopy enabled 
characterization of the onset and evolution of dendrites as well [71]. However, 
due to poor resolution of the optical method, different techniques such as AFM 
and SEM have to be used in parallel in order to achieve more quantitative and 
conclusive experimental results. 
 
Figure 1-11: The resemblance of an optical micrograph of a Li-alloy film after expansion and 
contraction (a) to cracked mud in a dry lake bed (b) [70]. (Reprinted with permission from L.Y. 
Beaulieu, K.W. Eberman, R.L. Turner, L.J. Krause, and J.R. Dahn, Electrochemical and Solid-







Figure 1-12: Setup of the lithium-ion cell for the in situ experiment in the SEM. Using a mesh as 
current collector allows permeation of electrolyte and the imaging of the electrode [72]. 
(Reprinted with permission from D. Chen, S. Indris, M. Schulz, B. Gamer, and R. Mönig, 
Journal of Power Sources, 196, 6382 (2011). Copyright 2011, Elsevier) 
In situ SEM/TEM has been introduced for its unique capability of 
resolving the microstructural evolution of LIB electrodes with high spatial and 
temporal resolution. The in situ SEM method allows for the observation of 
microscopic mechanisms up to 1 nm resolution depending on the SEM 
equipment [72–79] (Figure 1-12). As a result, the experimental platform can be 
utilized for investigating chemical reaction pathways, monitoring phase changes 
in electrodes or studying degradation effects in batteries. 
 In situ TEM has its unique capability of offering a direct study of the 
structural evolution of individual nanowire or nanoparticle electrodes with near-
atomic resolution in real time [9,80–82]. However, both methods have 
limitations of using volatile organic electrolytes due to the high pressure inside 





“open-cell” concept is introduced by creating the first working nanobattery in 
the TEM [9,80] (Figure 1-13). It utilizes an individual SnO2 nanowire anode, an 
ionic liquid electrolyte (ILE) and a bulk LiCoO2 cathode. The microstructural 
evolution of the SnO2 anode was observed during battery operation. 
 
Figure 1-13: Schematic illustration of in situ TEM electrochemical tests setup. Top: A 
nanobattery setup for anode study. The key components include an electron-transparent anode 
(such as a nanowire or nanoparticle), a vacuum-compatible electrolyte (such as ionic liquid, 
polymer or solid-state electrolyte), a stable Li source (such as a bulk discharged cathode) and the 
current collectors. Bottom: Operation of the nanobattery for lithiation of the anode. Potential is 
applied to the current collectors to drive the electrons and Li ions flow across the circuit, and the 
microstructural evolution is monitored in real time [9]. (Reprinted with permission from X.H. 
Liu, Y. Liu, A. Kushima, S. Zhang, T. Zhu, J. Li, and J.Y. Huang, Advanced Energy Materials, 2, 






Crystallographic changes which occur inside the battery electrode as it is 
lithiated and delithiated have been investigated using in situ XRD [10,83–115]. 
Obrovac and Christensen confirmed an amorphization of crystalline silicon 
during battery operation and showed that highly lithiated amorphous silicon 
crystallizes to a new Li15Si4 phase below 50 mV [84]. Hatchard and Dahn 
gathered in situ XRD data on a sputtered amorphous silicon film during lithiation 
and showed the formation of the Li15Si4 phase below 30 mV [85]. Li and Dahn 
investigated crystalline silicon composite electrodes and were able to draw a 
phase diagram based on the electrochemical and XRD data. This showed the 
phase changes and regions of phase stability during the lithiation and delithiation 
of the silicon electrode [86]. High-energy x-ray diffraction (HEXRD) has been 
also utilized to study the structural evolution of the electrodes. Liu et al. used the 
HEXRD to show that V2O5 undergoes phase transformations during the first Li+ 
ion intercalation (i.e. discharge) process [83]. He et al. utilized an in situ high 
energy synchrotron XRD to identify the dynamic structural change of graphite 
during battery operation using 1/3 C-rate. Monitoring of the detailed structure 
evolution of the graphite was achieved due to the fast data collecting detector 






Figure 1-14: Contour plot of XRD patterns and discharge curve over the Li/graphite cell 
discharged from 1.53 to 0.001 V at 1/3 C [94]. (Reprinted with permission from H. He, C. Huang, 
C.-W. Luo, J.-J. Liu, and Z.-S. Chao, Electrochimica Acta, 92, 148 (2013). Copyright 2013, 
Elsevier) 
While long-range structural information is typically available from the 
diffraction methods, nuclear magnetic resonance spectroscopy (NMR) is an 
extremely useful technique for characterizing local structure of Li-ion battery 
electrodes, even when the system is highly disordered [116–126]. A range of in 
situ and ex situ studies have been reported to investigate the Li-Si system using 
NMR [127–129]. These studies show the crystalline silicon is converted into an 
amorphous LixSi phases during the first lithiation, which transforms into a 
metastable crystalline phase and possibly over-lithiated phases [130]. Recently, 
Ogata and colleagues performed in situ NMR studies, which enable studying 
detailed kinetics of the electrochemical lithiation and delithiation reactions in 






Figure 1-15: SEM images of as-grown SiNWs on fibre-based gas diffusion layer (CFGDL) (a) 
Planar view, (b) cross sectional view and (c) a magnified image of (b). The scale bars for (a–c) are 
50, 15 and 500 nm, respectively. (d) Schematics of the SiNW-composite based cell and the set-up 
for the in situ 7Li NMR measurements. The cell design comprises Si nanowires (SiNW), a carbon 
fibre based gas diffusion layer support (CFGDL), electrolyte (1M LiPF6 in ethylene carbonate 
(EC) and dimethyl carbonate (DMC) solution), a porous glass fibre mat and a Cu mesh sealed in 
a polyester bag [130]. (Reprinted with permission from K. Ogata, E. Salager, C.J. Kerr, A.E. 
Fraser, C. Ducati, A.J. Morris, S. Hofmann, and C.P. Grey, Nature Communications, 5, 3217  
(2014). Copyright 2014, Macmillan) 
Compared to the aforementioned techniques which rely on bulky external 
equipment for the measurement and complex electrochemical cells, Raman 
spectroscopy is a valuable and sensitive tool for probing structural and chemical 







Figure 1-16: The electrochemical cell for in situ Raman microscopy [146]. (Reprinted with 
permission from P. Novák, J.-C. Panitz, F. Joho, M. Lanz, R. Imhof, and M. Coluccia, Journal of 
Power Sources, 90, 52 (2000). Copyright 2010, Elsevier) 
Raman spectroscopy is a spectroscopic method based on inelastic 
scattering of monochromatic light, generally a laser source is used. Inelastic 
scattering of a monochromatic light occurs when the frequency of photons in the 
monochromatic light changes upon interaction with a sample. Photons of the 
laser light are absorbed by the sample and then reemitted. The frequency of the 
reemitted photons is shifted up or down in comparison with original 
monochromatic frequency, which is called the Raman effect [147].  
The Raman effect is based on molecular deformation in electric field (E), 
which is determined by molecular polarizability (α) of the sample. The laser 
beam can be considered as an oscillating electromagnetic wave with the electric 
field. When the laser interacts with the sample, it induces electric dipole moment 





deformation, it starts vibrating with characteristic frequency (vvib). When the 
monochromatic laser light with frequency (ν0) excites the molecules, it 
transforms the molecule into oscillating dipoles. Such oscillating dipoles emit 
light of three different frequencies as shown in Figure 1-17.  
 
Figure 1-17: Raman and Rayleigh scattering of excitation at a frequency ν0. The molecular 
vibration in the sample is of a frequency νvib [3]. (Reprinted with permission from R. Baddour-
Hadjean, and J.-P. Pereira-Ramos, "Raman Microspectrometry Applied to the Study of 
Electrode Materials for Lithium Batteries," Chemical Reviews, 110, 1278 (2010). Copyright 2010, 
American Chemical Society) 
The molecules can absorb the photon with the frequency v0 and become 
excited. When the molecule returns back to the same basic vibrational state, it 
emits light with the same frequency v0 as the excitation source. This type if 
interaction is called an elastic Rayleigh scattering. When the photon with 
frequency v0 is absorbed by the molecule, which is in the basic vibrational state, 
part of the photon’s energy can be transferred to the molecule with frequency vvib. 





frequency is called Stokes frequency. When the photon with frequency v0 is 
absorbed by the molecule, which is already in the excited vibrational state, 
excessive energy of excited state can be transferred to the photon as it returns to 
the basic vibrational state. The resulting frequency of scattered light goes up v0 
+ vvib. This Raman frequency is called Anti-Stokes frequency [3].  
A plot of the intensity of Raman scattered radiation as a function of its 
frequency difference from the incident radiation is called a Raman spectrum 
Figure 1-17, and this difference is called the Raman shift [3]. Due to the fact that 
the basic vibration state population is greater than that of the excited vibration 
state, the Stokes has higher intensity than the Anti-Stokes line. Therefore, Raman 
spectrum is generally plotted as a function of intensity versus the Stokes-shifted 
frequencies in wavenumbers (cm−1). The Raman spectrum provides unique 
information of the sample. This is due to the fact that the frequency shifts 
between the incident radiation and the Raman-scattered radiation correspond to 
the vibrational energy levels of the molecule or the crystal.  
Information that can be obtained using this technique involves local 
disorder, changes in bond length, bond angles, coordination and Li dynamics, all 
correlating capacity loss mechanisms to surface composition [3,148]. Using this 
method, both anode and cathode materials such as graphite, Si-C composites, 
V2O5 and lithium containing metal oxides have been studied, providing 
information both about the peaks (absence, presence, splitting, shift) as well as 





is further illustrated by its integration in commercially available tools that 
combine Raman with atomic force microscopes. 
The major limitation of the work describe above lies in achieving 
quantitative data on the stress or mechanical property changes in electrodes, 
which prevents acquiring insights on how the microstructural changes lead to 
stress changes in the electrodes. As in the case of silicon, composition changes 
and phase transformations during the lithiation process change the lattice 
configuration, causing strains that in turn result in loss of mechanical integrity 
and device failure. Continuous battery cycling affects the electrode/electrolyte 
interface and also contributes to progressive capacity loss and coulombic 
efficiency deterioration. Notwithstanding individual advantages and valuable 
insights provided by the aforementioned real-time monitoring techniques, 
interpretation of the obtained data is often limited by the difficulty in decoupling 
these interrelated phenomena. The next generation energy storage electrode 
research requires the use of multi-modal experimental platforms, capable of 
providing mechanical, compositional, chemical and structural information for 
the electrodes under investigation. Such platforms can complement theoretical 
and computational studies and further assist in the optimization of both electrode 
structure and device operating parameters. 
1.3.3.3 Summary of in situ characterization methods for Li-ion battery research 
Table 1 summarizes the state-of-the-art in situ characterization methods 





Table 1: Summary of the in situ methods for LIB research 
In situ methods Investigated electrodes 
Stress/strain 
MEMS  LiMn2O4 [38], Sn alloy [39], Ni(OH)2/NiOOH [40],  
Si [13,14,41,55,56] 
Optical microscopy C [57] 
Multi-beam optical 
stress sensor 
Si [5,6,8,58,60], Graphite-based electrodes [59] 
Microstructural 
Optical microscopy C [61,62,64], Li [63,65,67–69,71], Si [66,70], Sn [70] 
SEM SnO2 [72], LiMn2O4 [73], Li(Ni0.8Co0.15Al0.06)O2 [74], 
Si [75–77], Li [78,79]  
TEM SnO2 [80,82], LiCoO2 [81], Si [82] 
XRD Sn [10], V2O5 [83], Si [84–87,89], Ag2VO2PO4 [88],  
LiNi0.5Mn1.5O4 [90,112], Ge [91], TiO2 [92], 
Li[Li0.2Ni0.2Mn0.6]O2 [93], C [94], LiMn2O4 [95], 
LiFePO4 [96,100,104], CuF2 [97], Ag2VP2O8 [99], 
Li2FeSiO4 [101], Li1.2Co0.1Mn0.55Ni0.15O2 [102], 
K0.25Mn2O4 [103], LiNi0.8Co0.2O2 [105], 
0.5LiNi0.292Co0.375Mn0.333O2 [106], 
Li1.23Ni0.09Co0.12Mn0.56O2 [107], TiO2 [108], 
LiNi1/2Mn3/2O4 [109], LiCoPO4 [110], Li2RuO3[111], 
Li2FeSiO4/C [113], LixMn1.5Ni0.5O4 [114,115] 
NMR Si [129,130], Li [122,123,127], Li1.08Mn1.92O4 
[119,120], LiCoO2 [121], Cu3P [124], C [125], Liquid 
electrolyte [117,118] 
Raman spectroscopy V2O5 [131,133], LiFePO4 [132], LiCoO2 [134], 
Au/SiO2 [135], C [136,139–142,145], Li2MnO3 [137], 
Si [138], SEI on Li [143],  
1.4 Structure of dissertation 
Chapter 1 has presented the motivation for this research and the relevant 
work found in literature. Chapter 2 discusses the MEMS Fabry-Perot sensor 
design, fabrication, and integration with Raman microscope for in situ 





electrodes. Chapter 3 proposes a unique approach of modifying stress and stress 
gradient in V2O5 cathode electrode and discusses crystal phase-dependent stress 
changes in the V2O5 cathode investigated using the Fabry-Perot MEMS sensor 
integrated with an optical measurement setup. Chapter 4 studies on the design 
and fabrication of the buckled membrane MEMS sensor. Chapter 5 is focused on 
the integration of the buckled membrane MEMS sensor with AFM-Raman 
spectroscopic setup for in situ characterization of quantitative stress and 
microstructural changes in LIB electrodes. Chapter 6 summarizes the 







Chapter 2: In situ study of V2O5 electrode using Fabry-Perot 
MEMS sensor platform 
This chapter discusses the principle of operation and experimental results 
of a Fabry-Perot MEMS sensor platform. The discussion also presents the 
development of the multi-modal sensing platform that is capable of in situ 
characterization of qualitative stress and microstructural changes in a V2O5 
cathode in a single experimental setup.  
Mr. Sergio Baron contributed to developing the Fabry-Perot MEMS 
sensor, integrating with an optical measurement setup, and coin cell packaging. 
Dr. Ekaterina Pomerantseva contributed to assembling coin cells and running 
electrochemical experiments. Dr. Markus Gnerlich contributed to developing 
MATLAB code for analyzing experimental results. Dr. Konstantinos 
Gerasopoulos and Dr. Albert A. Talin contributed to developing the Fabry-Perot 
MEMS sensor platform. Dr. Karen Gaskell contributed to utilizing and 
scheduling the Raman microscope for experiments.  
2.1 Fabry-Perot MEMS sensor 
2.1.1 Sensor design and fabrication 
Figure 2-1(a) shows the Fabry-Perot MEMS sensor, composed of an array 
of mechanically flexible circular membranes. The membranes separate the 
sensor into two cavities, referred to as the ‘optical’ and ‘battery’ cavities. The 
optical cavity is created by anodically bonding glass and silicon wafers. The 





deposition of an insulating layer, current collector and active battery material, as 
well as providing a channel for the liquid electrolyte. We selected thin film V2O5 
as the active battery material to demonstrate the capability of the platform. The 
detailed fabrication procedure is described in our previous work [13] (see Figure 
2-2 for simplified fabrication process).  
Figure 2-1(b) illustrates the cross-section of a single membrane with 150 
μm diameter, formed by the 700 nm thick Si3N4 and 200 nm thick SiO2 layers 
inside the 12 μm deep optical cavity. Inside the 288 μm deep battery cavity, a 50 
nm thick SiO2 is used as a barrier coating to prevent lithium intercalation into 
the silicon wafer, followed by thin layers of Cr/Au as the current collector. 
Finally, a 137 nm thick V2O5 thin film electrode (0.81 Å/cycle) is conformally 
coated as an active battery material by atomic layer deposition (ALD). The cross-
section scanning electron microscope (SEM) image of the fabricated sensor is 








Figure 2-1: (a) 3D schematic of Fabry-Perot MEMS sensor. (b) Cross-section diagrams of a 
single membrane (not drawn to scale).  
 
Figure 2-2: (a) Photoresist etch mask for optical cavity. (b) Deep reactive ion etching. (c) 
Thermally grown SiO2 and low pressure chemical vapor deposition of Si3N4 after reactive ion 
etching. (d) Released Si3N4 and SiO2 membrane using deep reactive ion etching, while the SiO2 
serves as the etch stop layer. (e) Anodic bonding of glass wafer to Si substrate. (f) Deposition of 







Figure 2-3: (a) Left panel: Cross-section SEM image of the membrane in the Fabry-Perot MEMS 
sensor. Right panel: Enlarged view of the membrane, showing multi-layer structure. (b) TEM 
image of a V2O5 layer grown on top of Au layer. 
It has been reported previously that the V2O5 film shows preferential 
growth along (001) direction on an Au-coated stainless steel [149]. This 
preferential growth on the Au-coated membrane is confirmed using transmission 







Figure 2-4: (a) Schematic showing material stack of XRD measurement sample: (from bottom to 
top) Diced silicon wafer, SiO2, Cr, Au, and ALD-deposited V2O5. (b) Measured XRD spectrum 
showing the V2O5 (001) peak as well as peaks from the Au layer and Si substrate (marked with 
stars). 
The optical cavity of the sensor is utilized for monitoring the membrane 
deflection due to the stress change in the electrode using optical interferometry. 
At the same time, the optical cavity allows μRaman spectroscopy to probe the 
V2O5 thin film electrode layer through the transparent glass wafer and the multi-
layer membrane, which is sufficiently thin to be semi-transparent. Thus, this 
unique design of the sensor addresses the challenge of in situ characterization of 





2.1.2 Sensor characterization 
Correlation between the stress in the electrode, membrane deflection, and 
fringe radius change are analyzed using COMSOL simulation and analytical 
calculation. First, correlation between the stress change in the electrode and 
membrane deflection is simulated using COMSOL. A clamped circular 
membrane with three different layers (Si3N4, SiO2, and V2O5) is used for the 
simulation. Detailed information about parameters that are used for the 
simulation can be found in Table 2. The stress-induced membrane deflection is 
simulated in the V2O5 electrode and the results are shown in Figure 2-5(a),(b). 
When the stress in the V2O5 electrode is varied from −1 to 1 GPa, the membrane 
deflection changed from 1.08 to 0.78 μm. These results show that the membrane 
deflection becomes larger when the stress in the V2O5 is more compressive. The 
COMSOL simulation results are compared to the analytical calculation results 
computed using MATLAB.  
The same parameters used in the COMSOL simulation are utilized for the 
analytical calculation and the membrane deflection is numerically computed 
depending on the stress change in the electrode. When the stress in the V2O5 
electrode is varied from −1 to 1 GPa, the membrane deflection changed from 
1.16 to 0.84 μm, respectively (Figure 2-5(c)). The analytical calculation results 
correspond well with the COMSOL simulation results, indicating the membrane 






















Si3N4 700 290 0.27 1 
75 0.5 SiO2 300 59 0.17 −0.25 
V2O5 120 129.2 0.25 −1 to 1 
 
 
Figure 2-5: (a,b) Total deflection of the clamped circular membrane with stresses in the V2O5 
film at +1 GPa and −1 GPa, respectively. (c) Total deflection of the clamped circular membrane 
achieved from the COMSOL simulation (in black) and analytical calculation (in red) as a 






After verifying how the membrane deflects according to the stress change 
in the electrode, the fringe radius change is analyzed depending on different 
membrane deflections. When the light source illuminates the optical cavity, 
incident light is reflected and the intensity of the reflected light varies depending 
on the shape of the membrane. The shape of the membrane can be described as 
below [150]:  
 





  (12) 
 
where 𝑤 is the local membrane deflection along the radial membrane coordinate 
𝑟 . Using Fabry-Perot interferometry principle, the reflected light intensity 
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where 𝐼𝑟 is the reflected light intensity, 𝐼𝑖 is the incident light intensity, and 𝐹 is the 
finesse of the optical cavity.  𝛿 is phase difference between each successive reflection 
described in equation (14), where 𝑛 is the refractive index, 𝑑 is the optical cavity depth, 
𝜆 is the wavelength of the light source, and 𝜃 is the angle of the incident light source. 
By replacing the optical cavity depth 𝑑 with the local membrane deflection as described 
in equation (12), the reflected light intensity 𝐼𝑟 can be rewritten as a function of the 
membrane diameter (𝑟). Using equation (12), two different membrane shapes are drawn 
using MATLAB (Figure 2-6(a)). Based on different membrane shapes, the reflected 
light intensity profiles are simulated using equations (13) and (14) (Figure 2-6(b)). The 
results confirm that the membrane deflection becomes larger when the fringe radius 
becomes bigger (Figure 2-6(c)). Therefore, it is verified that more compressive (tensile) 






Figure 2-6: (a) Color-coded graphs showing two different membrane shapes as a function of the 
membrane radius. Red and black lines correspond to membrane deflection of 0.86 and 1.03 μm, 
respectively. (b) 2-D reflected light intensity graph along the center of the membrane. (c) 
Reconstructed interference patterns based on the 2-D reflected light intensity.  
2.2 Experimental setup and integration 
A modified coin cell with an optical window is devised to facilitate the 
experiment during battery operation (Figure 2-7(a)). In the coin cell, the Fabry-
Perot MEMS sensor is placed with other coin cell parts and assembled together 
to build a half-cell configuration. The hermetic sealing of the coin cell is 
achieved using the aluminium foil tape with conductive adhesive to interface the 
sensor to the conductive top coin cell manifold for proper battery operation (See 





under the Raman microscope for a galvanostatic cycling test (Figure 2-7(a)). The 
white-light illumination source of the Raman microscope is replaced with a 
despeckled laser (Figure 2-7(a), interferometric laser) for interferometric 
measurement of the membrane deflection [13,151]. By employing the 
interferometric method, the same microscope used for the Raman spectroscopy 
analysis can be used to collect information on the membrane deflection, thus 
enabling multi-modal, real-time monitoring in a unified setup. All of the 
measurements are conducted in air under normal ambient conditions. The 
imaging software installed on the computer connected to the Raman microscope 
supports automation functions controlled by user specific operations 
programmed in JavaScript. This enables automatic switching between the two 
laser sources repeatedly throughout the experiment and computerized recording 
of the corresponding data. The recorded interference pattern and Raman spectra 






Figure 2-7: (a) Schematic of the coin cell parts (from top to bottom: cathode cap, adhesive tape, 
Fabry-Perot MEMS sensor, separator, lithium anode, stainless steel, spring, and anode cap) for 
in situ experiment and simplified schematic diagrams of the experimental setup showing the 
location of the coin cell under test relative to the Raman microscope. (b) Optical image of the 
experimentally obtained interference pattern from the membrane. (c) Experimentally obtained 
Raman spectrum of as-deposited V2O5 thin film electrode underneath the membrane. 
When the interferometric laser illuminates one of the membranes in the optical 
cavity of the sensor, it produces an interference pattern (Figure 2-7(b)). The as-





and the anodic bonding processes which result in upward curvature [13]. Due to this 
pre-deflected circular membrane, the initial interference pattern already shows multiple 
concentric rings [151]. The Raman laser is used as the excitation source for Raman 
spectroscopy measurements to probe the V2O5 electrode underneath the membrane. 
The Raman spectrum of the as-deposited V2O5 thin film exhibits nine peaks in the 100-
1000 cm−1 range, located at 145, 197, 284, 304, 405, 484, 526, 700, and 996 cm−1 
(Figure 2-7(c)), in agreement with previously reported Raman spectra [152], indicating 
that the excitation laser penetrates the glass wafer and the semi-transparent multi-layer 
membrane to probe the V2O5 electrode underneath. 
2.3 Experimental results 
2.3.1 Depth of discharge dependent studies 
2.3.1.1 In situ visualization of structural changes of V2O5 electrode 
The Fabry-Perot MEMS sensor coated with ALD-deposited V2O5 thin film 
electrode is first used to evaluate the electrochemical properties of the V2O5 inside the 
modified coin cell (Figure 2-8(a)). The discharge curve shows several resolved plateaus 
corresponding to well-known phase transitions during lithiation of V2O5 [3,153,154]. 
The α-, ε-, δ-, γ-, ω-V2O5 phases are identified within the voltage range from 3.75 to 
1.5 V. The α- to ε-phase and ε- to δ-phase transformation plateaus appeared at 3.4 and 
3.2 V, respectively. Then the δ- to γ-phase and γ- to ω-phase transitions are observed 
at the 2.3 and 2.05 V plateaus, respectively. The observed electrochemical behavior 





good electrical contacts to the cathode layers, as well as adequate hermetic seal such 
that the cell can be reliably operated in the ambient.  
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In Figure 2-8(b)-(d), we show schematically the structural transformations in 
LixV2O5 as x increases from 0 to ~3, corresponding to the series of - to -phases 
[153,154]. During lithiation, the structure of the LixV2O5 layer remains stable in the -, 
-, and -phases (Figure 2-8(b),(c)). However, a light puckering of the V2O5 layers is 
observed in the -phase (Figure 2-8(c)) due to the decrease in the a lattice parameter 
[154] (Table 3). When the voltage reaches the 2.3 V plateau (1<x<2 in LixV2O5), the 
-phase is transformed into the -phase, a substantially distinct structure (Figure 2-8(d)). 
While the V2O5 layers remain perpendicular to the c-axis, the Li-ions are shifted along 
the a-axis direction and the puckering of the V2O5 layers becomes more pronounced as 
the a lattice parameter further contracts [3,30,154]. Finally, when the voltage reaches 






Figure 2-8: Electrochemical discharge curve of ALD-deposited V2O5 thin film electrode in the 
customized cell and schematic representation of the electrochemically produced LixV2O5 
structure. (a) Galvanostatic Li-ion insertion curve at C/12 rate. Phase-transformation plateaus at 
3.4 V (α- to ε-phase), 3.2 V (ε- to δ-phase), 2.3 V (δ- to γ-phase), and 2.05 V (γ- to ω-phase) are 
observed (labeled in blue). (b-d) Perspective view of the LixV2O5 structure in different phases: (b) 





Figure 2-9(a) displays galvanostatic discharge-charge curves of the ALD-
deposited V2O5 thin film electrode at a current of 4.563 μA in three different voltage 
windows. These voltage ranges are chosen in order to induce different phase transitions 
in the LixV2O5 electrode [3,153,154]. The first window (3.75 - 2.8 V) corresponds to 
the reversible -, -, and -phase transitions and the pristine V2O5 phase is recovered 
upon lithium extraction [3]. In this voltage range, the pristine V2O5 structure remains 
intact except for a minor puckering occurring along the a axis (Figure 2-8(b),(c)). 
However, in the second window (3.75 - 2.1 V) the δ-phase is transformed into the 
metastable -phase at 2.3 V. This transformation is accompanied by irreversible 
structural changes in the LixV2O5 film.  The third window (3.75 - 1.5 V) leads to a 
weakly crystallized -phase with a tetragonal [156] or cubic [157] structure when the 
voltage reaches the 2.05 V plateau.  
Within the first window of 3.75 to 2.8 V where the pure V2O5 layer structure is 
preserved, the optical interference patterns from the circular membrane remain 
relatively symmetric (Figure 2-9(b)(1),(2),(3)), as expected since there are no 
significant asymmetric contractions in the V2O5 lattice (Table 3). In the second window 
(3.75 - 2.1 V) the -phase is transformed into the -phase with pronounced puckering 
of the V2O5 layers. These structural changes are reflected as loss in symmetry in the 
interference pattern (Figure 2-9(b)(4)). Given that the - to -phase  transition is 
irreversible41, it is not surprising that the interference pattern remains asymmetrical, 
even as the potential is cycled back to 3.75 V (Figure 2-9(b)(5)). In the third window 





structural rearrangement [153], which is again captured well by the evolution of the 
interference patterns during the lithiation process (Figure 2-9(b)(6),(7),(8)). The 
previously observed asymmetric interference patterns becomes even more pronounced 
due to the further asymmetric contraction in the a lattice parameters during the - to -
phase transition. However, after when the -phase is completely transformed into the 
-phase, the a and b lattice parameters becomes equal, resulting in the recovery of the 
symmetric interference pattern (Figure 2-9(b)(8)). Since the ω-phase is irreversible, the 
interference pattern remains symmetric throughout further electrochemical cycling 
(Figure 2-9(b)(9),(10)). The weakly crystalline -phase exhibits similar 
electrochemical behavior of an amorphous V2O5 electrode upon further cycling. These 
results demonstrate how structural evolutions in electrode material during lithiation can 
be optically imaged in real time using the Fabry-Perot MEMS sensor platform. This 
visualization is enabled by the unique design of the Fabry-Perot MEMS sensor, which 
has the thin and flexible membrane inside the optical cavity, which allows monitoring 
of significant structural evolution in the electrode by merely observing the series of 






Figure 2-9: (a) Galvanostatic discharge-charge cycling curve of the ALD-deposited V2O5 
electrode achieved from the in situ experimental setup. The phase transitions corresponding to 
the voltage windows are specified in blue. Red circles correspond to the point where the 
interference patterns are recorded. (b) Series of experimentally obtained interference patterns 
collected along the discharge-charge curve (red circles) indicated with the potential and phase (in 
yellow). Initial deformation of symmetric interference pattern is observed (4), followed by 
dramatic interference pattern change (6-7), and symmetric interference pattern is recovered (8). 
2.3.1.2 In situ analysis of qualitative stress 
To analyze the stress changes in the V2O5 electrode during lithiation, the 
recorded interference patterns are processed using MATLAB. First, the interference 





under testing (Figure 2-10(a)). Each of the interference patterns is composed of 
multiple concentric rings and the edge of the inner most ring is utilized to track the 
radius change (Figure 2-10(b), fringe radius change). In our previous work, it was 
verified that the fringe radius change varies linearly with the stress residing in the 
membrane [13] (R2 = 0.987). Therefore, expansion of the fringe radius is denoted with 
a positive sign, and corresponds to compressive stress, with negative values conversely 
indicating tensile stress [13].  
Correlation between the stress change and electrochemical discharge-charge of 
the first two cycles (Figure 2-9(a), first voltage window) are show in Figure 2-11(a),(b). 
Upon lithium intercalation, the stress in the electrode becomes more tensile. This result 
should be explained in accordance with changes in the a and b lattice constants of the 
LixV2O5. As previously shown in Figure 2-3(b), the V2O5 film has a preferred (001) 
orientation with respect to the membrane. Therefore, changes in the c parameter do not 
affect the stress in the membrane since it is free to expand. However, elongation 
(contraction) in the a and b lattice parameters result in an increasing compressive 
(tensile) stress. Previous XRD studies have shown that the a lattice parameter 
continuously decreases as LixV2O5 changes from - to -phase while the b parameter 
remains relatively constant (Table 3). This agrees with the observed increase in the 
tensile stress in the electrode. Inflections in the stress-potential curves such as regions 
I and II in Figure 2-11(b) likely correspond to - to -phase and - to -phase transitions 
which we discuss in more detail later. Upon lithium extraction, the stress returns to its 






Figure 2-10: (a) Optical images of experimentally obtained interference patterns from pristine 
electrode and electrode under testing (blue and red dotted lines are for visual guidance). (b) 








Figure 2-11: (a,b) Correlation between the stress change and potential variation during 
discharge-charge of the first and second cycles. (b) Circles in green and rectangles in magenta 
correspond to the representative points where in situ μRaman spectra are analyzed during the 
second discharge-charge cycle, respectively. (c,d) Correlation between the stress and discharge-
charge curves of the third and fourth cycles. (c) Circles in green and rectangles in magenta 





discharge-charge cycle, respectively. (e,f) Correlation between the stress change and discharge-
charge curves of the fifth and sixth cycles. (e) Circles in green and rectangles in magenta 
correspond to the representative points where in situ μRaman spectra are analyzed during the 
fifth discharge-charge cycle, respectively. 
Analysis on the stress change and electrochemical discharge-charge of the 
third and fourth cycles Figure 2-9(a), second voltage window) are shown in 
Figure 2-11(c),(d), with similar stress change upon discharge as seen in Figure 
2-11(a),(b). However, further lithiation (discharge) alters this trend with stress 
becoming more compressive stress (Figure 2-11(c), region I). This can be 
attributed to the elongation of the a lattice parameter during the δ- to γ-phase 
transformation [158]. However, upon further discharge, the stress in the 
electrode becomes more tensile (Figure 2-11(c), region II). This change 
coincides with the pronounced puckering of the V2O5 layer in the γ-phase (Fig. 
3d) due to the contraction in the a lattice parameter (Table 3). Upon charge, the 
same trend is observed as the relative stress returns to its initial value. The fourth 
cycle exhibits a similar stress change as observed for the third cycle (Figure 
2-11(d)), even though the LixV2O5 electrode is transformed from δ- to γ-phase. 
This indicates that the overall V2O5 layer structure is generally preserved in the 
γ-phase compared to the δ-phase structure, except the puckering of the V2O5 
layers (Figure 2-9(b)(5)). 
Superpositions of the discharge-charge curves with the stress changes for 
the fifth and sixth cycles (Figure 2-9(a), third voltage window) are show in 





(Figure 2-11(e), region I). Upon further discharge, stress in the electrode 
becomes more compressive (Figure 2-11(e), region II) due to the more 
pronounced puckering of the V2O5 layer in the γ-phase, as indicated by the 
augmented asymmetric fringe pattern (Figure 2-9(b)(6)). Still further lithiation 
induces a sudden change in the stress (Figure 2-11(e), region III) which rapidly 
becomes highly tensile, indicating the electrode experiences a dramatic structural 
transformation from the γ-phase to the tetragonal ω-phase [153]. This tetragonal 
structure has significantly shorter lattice parameter (a = 4.1 Å) compared to the 
γ-phase (Table 3), which explains the sudden increase in the tensile stress [159]. 
The ω-phase remains stable even after lithium extraction [157] consistent with 
the completely different stress change during the sixth cycle (Figure 2-11(f)). 
Upon lithium insertion, the stress in the electrode becomes more compressive, 
implying that the LixV2O5 thin film electrode became amorphous [159]. 
However, upon charge, the stress in the electrode becomes more tensile initially 
but turns into more compressive stress again in the middle of the process. This 
may be attributed to the rocksalt type structure of the ω-phase, resulting in the 
non-linear stress change. The stress evolution during lithiation is in good 
agreement with the previously reported phase changes and lattice parameters 
changes in LixV2O5, confirming the high sensitivity of the platform. 
2.3.1.3 In situ analysis of microstructural changes 
Concomitant with the stress measurements, a series of in situ μRaman spectra 





complete recovery of the pristine V2O5 electrode, with regard to relative intensities and 
peak positions (Figure 2-12) during the second cycle.  
 
Figure 2-12: Full intensity in situ Raman spectra collected during the (a) second discharge 
(lithium insertion) and (b) charge (lithium extraction) cycle of the LixV2O5 electrode. *Stars 






This finding is consistent with the high electrochemical reversibility associated with 
the first voltage window [29,160] (3.8 - 2.8 V). 
During the second cycle discharge process (Figure 2-11(b)), a progressive 
decrease in the intensity and the Raman shift (145 - 154 cm−1) are observed for the low 
frequency vibration modes (mixture of B1g and B3g modes) sensitive to long range order 
in the LixV2O5 structure (Figure 2-13). There is also a considerable loss of intensity for 
all the Raman peaks in the 195 to 705 cm−1 range. Finally, in the vanadyl stretching 
mode (996 cm−1), a new peak at 983 cm−1 is observed at potential of 3.39 V while the 
initial peak (996 cm−1) disappears at potential of 3.27 V. The new peak progressively 
shifts down to 972 cm−1 as more Li-ions are inserted into the electrode. These findings 
are consistent with previous Raman studies of LixV2O5 electrodes [3,133,152]. The 
emergence of the new peak at 983 cm−1 in the vicinity of the 996 cm−1 at potential of  
3.39 V has been previously related to a coexistence of the - and -phases [161] and 
the 973 cm−1 peak at the potential of 3.20 V has been ascribed to the presence of - and 
-phases [161]. This coexistence of two distinct phases of LixV2O5 as suggested by 
Raman spectra coincides with the abnormal stress changes observed with the Fabry-
Perot MEMS sensor during the second cycle discharge process (Figure 2-11(b), region 
I and II). 
It has been proposed that the Raman shift from 145 cm−1 to 154 cm−1 is due to 
an increase in the restoring force as a consequence of tensile stress in the LixV2O5 film 
[31]. The combined approach is now able to confirm this hypothesis by correlating the 





lithium insertion in LixV2O5 electrode (Figure 2-14).  As the amount of lithium 
increases during lithiation, the translational mode at 145 cm−1 progressively increased 
to 154 cm−1. 
 
Figure 2-13: Detailed view of in situ Raman spectra. Detailed view of the in situ Raman spectra 
collected during the second discharge (lithium insertion) process of the LixV2O5 electrode. *Stars 







Figure 2-14: Raman shift and stress change. Correlation between the peak shift of the Raman 
translational mode at 145 cm−1 (associated with long range order) and the stress change as a 
function of the lithium insertion in LixV2O5 electrode.  
The in situ Raman spectra collected for the third discharge and charge processes 
(Figure 2-11(c)) are shown in Figure 2-15. Upon discharge, the same stretching mode 
(972 cm−1, Fig. 7 at 3.08 V) is observed at 3.08 V (Figure 2-15(a)). However, the peak 
shifts to higher wavenumbers upon further lithiation and completely disappears at 2.10 
V (Figure 2-15(a)). These spectral changes can be attributed to irreversible loss in 
crystallinity during formation of the -phase [30]. This irreversible change is also 
evidenced by the fact that some of the modes (196, 302, 484, and 700 cm-1) are no 
longer observed after the electrode is charged back to 3.70 V (lithium extraction) 
(Figure 2-15(b)). Similarly, the peaks at 144 cm−1 and vanadyl stretching mode at 997 





V2O5 layer. Finally, the peak at 975 cm−1 associated with the -phase is still observed 
even after all the lithium extraction (Figure 2-15(b), 3.70 V), which is consistent with 
the irreversibility of this phase [154]. 
 
Figure 2-15: Detailed view of the in situ Raman spectra collected during the third dischrage and 
charge cycle of the LixV2O5 electrode in the voltage range of (a) 3.08 to 2.10 V and (b) 3.20 to 3.70 






The in situ Raman spectra collected for the fifth discharge and charge processes 
(Figure 2-11(e)) shown in Figure 2-16 display no discernable peaks, indicating that 
Raman is not able to detect the - to -phase transition in contrast to the already shown 
results with the in situ Fabry-Perot MEMS sensor (Figure 2-9(b)(6), (7), (8)) (Figure 
2-11(e), region III).  Even after the electrode is charged back to 3.75 V, no detectable 
peaks are found, suggesting that the electrochemically formed weakly crystalline -
phase has a nearly amorphous structure and remains in this metastable state even all 
the lithium extraction [157].  
 
Figure 2-16: Detailed view of the in situ Raman spectra collected during the fifth discharge and 
charge cycle of the LixV2O5 electrode. *Stars denote LiPF6/EC/DMC bands. 
The in situ μRaman spectroscopy measurement results achieved using the 
platform match well with the previously Raman study of V2O5 electrodes [3,133,152], 
indicating this technique is capable of characterizing both the stress and microstructural 
changes concurrently. Fully reversible - to -phase transitions are observed as well as 





evidenced for the first time using in situ μRaman spectroscopy technique in a single, 
continuous experiment. 
2.3.2 C-rate dependent studies 
2.3.2.1 In situ analysis of qualitative stress 
This section investigates the qualitative stress and structural changes in a thin 
film V2O5 electrode over multiple discharge/charge cycles. This has been done by 
varying charge rates (C-rates). Charge rate has been identified as an important factor 
affecting the battery performance. Furthermore, the impact of charge rate on the 
structure and associated stress in the electrode have been analyzed. To achieve better 
analysis of the stress changes in the LixV2O5 electrode during lithium cycling, an 
intensity change of the interference pattern achieved from the Fabry-Perot MEMS 
sensor membrane is recorded throughout the experiment. As the stress in the electrode 
changes during the discharge-charge processes, the flexible membrane deflects causing 
the intensity of the interference pattern to change. First, the interference pattern of the 
pristine electrode (Figure 2-17(a), before the first discharge process started) is recorded 
and then compared to the interference patterns of the electrode under testing (Figure 
2-17(b)). Specifically, the intensity changes at the center of the membrane are analyzed 






Figure 2-17: (a) Interference patterns of the pristine electrode and (b) electrode under testing. 
Intensity change at the center of the membrane is highlighted within the dotted circles. 
In order to verify that the intensity change varies linearly with the stress in the 
membrane, the interference intensity change as a function of the stress in the membrane 
is simulated using MATLAB (Figure 2-18). The details of the analytical equations used 
in the simulation can be found in our previous work [13]. According to the simulation, 
the interference intensity varies linearly with the stress in the membrane (R2 = 0.99). 
Therefore, a decrease in the interference intensity directly corresponds to increasing 
tensile stress in the membrane, with an increase in the intensity conversely 






Figure 2-18: Correlation between the interference pattern intensity change and linearly varying 
stress in the membrane. Increasing tensile stress causes decrease in the interference pattern 
intensity. 
Figure 2-19 shows galvanostatic discharge-charge curve of the ALD-deposited 
V2O5 thin film electrode upon cycling at different C-rates: C/4, C/2, 1C, and C/4. At 
each rate, the battery is tested for 2 cycles to minimize the impacts from previous cycles 
with different C-rates. The discharge-charge curve shows the α- to ε-phase and ε- to δ-
phase transformation plateaus at 3.4 and 3.2 V, respectively. The observed 
electrochemical behavior corresponds to well-known phases transitions reported in the 
previous studies [153,154]. This result validates that the customized cell is functional 
both in terms of its design to provide good electrical contacts to the cathode layers, as 






Figure 2-19: Galvanosatic discharge-charge cycling curve of the ALD-deposited V2O5 electrode 
achieved from the in situ experimental setup. Different C-rates (C/4, C/2, and 1C in red) have 
been applied for different cycles (indicated in blue) and their corresponding cycle numbers are 
indicated in green in the potential window of 2.8 – 3.75 V. 
Correlation between the stress and electrochemical discharge-charge of the 
second cycle (C/4) is shown in Figure 2-20(a). Upon lithium intercalation, the stress in 
the electrode becomes increasing tensile in general (0.5 to 0.1, indicated in blue dotted 
arrow in Figure 2-20(a)). This result is expected according to the previous XRD studies. 
During the lithium intercalation process, the LixV2O5 changes from α- to δ-phase and 





Previous XRD studies have shown that the a lattice constant continuously decreases 
while the b parameter remains relatively constant during the phase transition.  
 
Figure 2-20: Correlation between the stress changes and potential variations during discharge-
charge processes of the (a) second (C/4), (b) fourth (C/2), (c) sixth (1C), and (d) eighth cycles 
(C/4). Inflections observed during discharge processes are marked in red dotted lines. 
Changes in the c lattice constant should not affect the stress in the membrane since it 
is free to expand. Therefore, these lattice constants changes should induce an increase 
in tensile stress, in line with the observed increase in the tensile stress in the electrode. 





dotted lines in Figure 2-20(a), and these inflections coincide with well-known two-
phase transitions (α- to ε-phase and ε- to δ-phase) during lithiation of V2O5 [3,153,154]. 
This observation indicates the coexistence of two distinct phases of LixV2O5 induces 
the abnormal stress changes in the electrode, which has not been reported in the 
previous XRD studies. Upon lithium extraction, the stress returns its initial value.  
Analysis of the stress change and electrochemical discharge-charge of the 
fourth cycle is shown in Figure 2-20(b). Upon discharge process, similar stress change 
is observed, with the same inflections as seen in the second cycle (Figure 2-20(a)). 
However, the inflections in the stress change are emerged when the amount of lithium 
in LixV2O5 is greater (when x = 0.21 and 0.48) than the second cycle (when x = 0.11 
and 0.43). The same phenomenon is also observed in the sixth cycle Figure 2-20(c)), 
and the inflections are observed when the amount of lithium in LixV2O5 is even greater 
(when x = 0.31 and 0.52). This behavior is believed to be the result of the low diffusion 
coefficient of lithium ions (10−12 – 10−13 cm2 s−1) in V2O5 electrodes [162–165], which 
has been also reported by Soni et al. for thin film Si electrode [166]. When the LixV2O5 
electrode is cycled at the lowest C-rate (C/4), lithium concentration gradient across the 
LixV2O5 film thickness is gradual. However, upon cycling at higher C-rates (C/2 and 
C), the greater amount of lithium is concentrated at the bottom of the LixV2O5 electrode 
where it is interfaced with the liquid electrolyte, causing a steeper lithium concentration 
gradient across the LixV2O5 film thickness. This diffusion limited insertion of lithium-
ion in LixV2O5 electrode also explains the decreasing discharge capacity (115.53 to 





Figure 2-21 displays correlation between the peak-to-peak stress change and 
discharge capacity variation for different C-rates. The peak-to-peak stress change 
increased linearly (R2 = 0.91) with the discharge capacity, indicating that the magnitude 
of the stress change in the LixV2O5 electrode is determined by the total amount of 
lithium intercalated into the electrode rather than how fast/slowly it is discharged. 
 
Figure 2-21: Correlation between the peak-to-peak stress change and discharge capacity 
variation at different cycles. Cycle numbers are specified in black and their corresponding C-
rates are specified in blue. 
2.3.2.2 In situ analysis of microstructural changes 
It has been previously reported that an increase of disorder within the LixV2O5 
electrode due to the lithium intercalation process leads to a significant decrease in 
intensity of the 145 cm−1 mode (mixture of B1g and B3g modes) [3,133]. Therefore, 





(discharge) has been characterized (Figure 2-22) in order to investigate how the level 
of disorder in the LixV2O5 electrode changes when it is cycled at different C-rates.  
 
Figure 2-22: In situ Raman spectrum collected during the second discharge process of the 
LixV2O5 electrode and diagram showing how the peak height of the 145 cm−1 band is calculated. 
First, in situ Raman spectra are measured during the second cycle discharge process 
(Figure 2-23(a)) and their corresponding peak heights of the 145 cm−1 mode are 
correlated with the amount of lithium insertion in the LixV2O5 electrode (Figure 
2-23(b)). According to the analysis, the natural logarithm of the peak intensity 
decreases linearly with the amount of lithium present in the LixV2O5 electrode, which 
has not been demonstrated before. This correlation has been utilized in order to 







Figure 2-23: (a) Discharge curve of the second cycle; red circles correspond to the point where 
the in situ Raman are analyzed. (b) Correlation between the natural log of the peak height at the 
145 cm−1 mode as a function of the lithium insertion in LixV2O5 electrode. 
When the LixV2O5 electrode is discharged at higher C-rates (C/2, and 1C), the 
logarithm of the peak height also decreases linearly as a function of the amount of 
lithium in the electrode (Figure 2-24(b),(c)). However, the slope of the fitted lines 
changed from −20.53 to −25.80 (Figure 2-24(a),(b),(c)) as the C-rates are increased 
from C/4 to 1C. This indicates that the level of disorder in the LixV2O5 electrode 
increases faster when it is discharged at higher C-rates, even when the same amount of 
lithium is inserted into the electrode. This shows that the level of disorder in the 
electrode not only depend on the amount of lithium present in the electrode but how 
fast they are inserted into the electrode. However, when the C-rate is decreased to C/4 
again, the slope of the fitted line increased back to −20.16 (Figure 2-24(d)) which is 
almost identical to the value obtained in Figure 8a. We believe the recovery of the slope 





in the LixV2O5 electrode within the voltage range from 3.75 to 2.8 V, experiencing no 
permanent bond breaking or irreversible loss in the crystallinity [133]. 
 
Figure 2-24: Correlation between the natural log of the peak height at the 145 cm−1 mode as a 
function of the lithium insertion in LixV2O5 electrode when discharged at (a) C/4 (2nd cycle), (b) 
C/2 (4th cycle), (c) 1C (6th cycle), and (d) C/4 (8th cycle). 
 2.4 Chapter summary 
This chapter focuses on the development of the Fabry-Perot MEMS sensor 
platform. By taking full advantage of the unique design of the Fabry-Perot MEMS 
sensor and commercially available Raman microspectroscopy measurement setup, the 





of the microstructural evolutions in different phases of the LixV2O5 electrode. The 
integrated setup demonstrates a unique advantage in the visualization of the phase 
evolutions in the LixV2O5 electrode. The stress changes depending on different phases 
of the electrode are also characterized through analysis of the interference patterns and 
corresponding structure evolutions are concurrently analyzed using μRaman 
spectroscopy. Different phases of the LixV2O5 electrode reveal significantly varying 
stress changes, which are well correlated with the LixV2O5 electrode lattice parameter 
changes. At the same time, the Raman spectra allow observation of fully reversible 
structural changes from the α- to δ-phase, irreversible γ-phase with the permanent bond 
breaking, and weakly crystallized ω-phase. 
It has been also shown that the magnitude of the stress changes in the LixV2O5 
electrode for different C-rates increase linearly with the amount of lithium present in 
the electrode, indicating the C-rates do not themselves induce larger intercalation 
induced stresses. At the same time, inflections in the stress change, which are observed 
when the LixV2O5 electrode is experiencing α- to ε-phase and ε- to δ-phase transitions, 
required greater amount of lithium as the electrode is cycled at higher C-rates. This 
behavior is believed to be caused by the slow lithium-ion diffusion in the LixV2O5 
matrix, causing steeper lithium concentration gradients across the LixV2O5 film 
thickness when it is cycled at higher C-rates. In situ Raman spectra accumulated along 
the discharge processes at different cycles have allowed us to characterize the intensity 
change at the 145 cm−1 mode, an indicator of disorder in the LixV2O5 electrode. A faster 





it is cycled at higher C-rates. When the C-rate is reduced back down, the evolution of 
the level of disorder in the LixV2O5 electrode recovers its original trend, indicating that 
the LixV2O5 electrode experiences fully reversible structure changes when cycled at 
higher C-rates.  
This Fabry-Perot MEMS sensor platform facilitates simultaneous in situ 
investigations of electrochemically-driven stress and microstructural changes in LIB 
electrodes. The unique can open up new avenues to in situ methods for LIB research 
where most of the in situ techniques focus on analyzing either stress or microstructural 
evolutions in the electrodes. Also, the unique advantage in the visualization of the phase 
evolutions in the LixV2O5 electrode enables characterization of microstructural change 
beyond the δ-phases, which has not been demonstrated in the previous in situ Raman 






Chapter 3: Investigation of battery degradation mechanisms 
using Fabry-Perot MEMS sensor 
As previously mentioned in Chapter 1, continuous volume 
expansion/contraction-induced stress in LIB electrodes gradually deteriorates 
battery performance. Therefore, considerable efforts have been made to study in 
situ stress evolution. However, stress gradient in the electrode and its effect in 
the battery performance has largely remained unknown since it can only be 
studied using finite models or numerical simulations [166]. There is a need for 
controlling the stress and stress gradient in LIB electrodes and investigating their 
relationship with battery degradation mechanisms. 
This chapter presents the first demonstration of modifying stress and 
stress gradient in LIB electrodes via combining two different crystal phases of 
an electrode material for investigation of battery degradation mechanisms. The 
crystal phase-dependent stress changes in V2O5 cathodes are characterized in situ 
using the Fabry-Perot MEMS sensor and cycle life test results of the V2O5 
electrodes are analyzed.  
Dr. Chuan-Fu Lin and Ms. Chanyuan Liu contributed to the discussion of 
the combining two different crystal phases of the V2O5 cathode for modifying 
the stress and stress gradient in the electrode.  
3.1 Electrode Design and Experimental Setup 
In order to achieve this goal, three different electrodes are prepared and 





V2O5 is chosen as a material of choice to control the stress and stress gradient in 
the electrode using different crystal phases. TEM images of amorphous V2O5 (a-
V2O5), crystalline V2O5 (c-V2O5), and stacked V2O5 electrodes are shown in 
Figure 3-1. Compared to a-V2O5 (Figure 3-1(a)), c-V2O5 (Figure 3-1(b)) shows 
preferential growth along the (001) direction on an Au layer. The stacked 
electrode (Figure 3-1(c)) is fabricated by first depositing a-V2O5 followed by c-
V2O5; a sharp boundary is observed between layers in TEM. After electrode 
deposition, the Fabry-Perot MEMS sensor is packaged in the modified coin cell, 
connected to a potentiostat, and placed under an optical microscope (Figure 3-2). 
 
Figure 3-1: TEM of three different V2O5 electrodes: (a) amorphous V2O5, (b) crystalline V2O5, 







Figure 3-2: Simplified schematic of the experimental setup showing the coin cell under test 
relative to the optical microscope. 
3.2 Experimental results 
3.2.1 Stress characterization 
Qualitative stress changes in the electrodes are monitored by analyzing 
the fringe shift of the interference patterns (Figure 3-3(a)), and the results are 
superimposed on top of the discharge-charge curves (Figure 3-3(b),(c)). Upon 
lithium insertion, the a-V2O5 electrode experiences increasing compressive stress 
Figure 3-3(b), fringe shift +3) due to the isotropic volume expansion during 
lithium insertion [159]. On the other hand, the c-V2O5 shows the increasing 
tensile stress (Figure 3-3(c), fringe shift −20) which corresponds to the previous 






Figure 3-3: (a) Photographs of the experimentally obtained fringe patterns, showing relative 
fringe radius change. Correlation between the fringe shift and discharge-charge curve of the (b) 
a-V2O5, (c) c-V2O5, and (d) stacked V2O5. 
3.2.2 Modification of stress in V2O5 electrode 
The stacked electrode (Figure 3-1(c)) undergoes both tensile and 
compressive stress changes due to the contributions from the c-V2O5 and a-V2O5 
phases, respectively (Figure 3-4). Stress compensation of the alternately stressed 
layers significantly reduces the fringe shift magnitude (~ 4) and less compressive 





V2O5 electrodes, respectively. This result indicates that the stress in the electrode 
can be modified by stacking alternately stressed layers.  
 
Figure 3-4: Correlation between the fringe shift and discharge-charge curve of the stacked V2O5. 
3.2.3 Cycle life test of V2O5 electrodes 
In order to examine how the performance of the stacked electrode, cycle 
life tests are performed and compared to the c-V2O5. Figure 3-5 presents the 
capacity changes of the first 2000 cycles for the crystalline and stacked 
electrodes. The c-V2O5 electrodes retain ~ 91% of their maximum capacity 
(Figure 3-5a), while the stacked electrodes retain only ~ 83% (Figure 3-5b). We 
believe this faster degradation in the stacked electrodes is due to the high stress 
gradient at the boundary of the layers in spite of the reduced stress, and therefore 






Figure 3-5: Capacity change vs. cycle number for (a) crystalline electrodes and (b) stacked 
electrodes at 5C. 
3.4 Chapter summary 
The work presented in this chapter demonstrates a unique of way 
controlling electrochemically-driven stress and stress gradient in LIB electrodes 
using the alternatively varying stressed layers. Electrochemically induced stress 
change during battery operation in the a-V2O5, c-V2O5 and stacked V2O5 
electrodes are characterized in situ using the Fabry-Perot MEMS sensor. Due to 
the contributions from the c-V2O5 and a-V2O5 phases, the stacked electrode 
experiences both the tensile and compressive stress changes, respectively. At the 
same time, the overall fringe shift magnitude is greatly reduced due to stress 
compensation of the alternately stressed layers. However, the stacked electrode 
shows faster capacity loss, due to the high stress gradient at the boundary of the 





This method provides a unique opportunity of exploring effects of the 
stress and stress gradient on LIB battery performance which have not been 
achievable previously, and therefore the results illuminate the importance of the 
stress gradient within the electrode. Previously, surface coatings (passivation 
layers) have been shown to be an effective approach to mitigate the mechanical 
degradation in thin film electrodes induced from the stress, improving cycling 
behavior. However, these coating layers do not participate in the electrochemical 
reaction and increase dead mass, reducing the specific capacity of the electrodes. 
Therefore, the approach presented in this work, which utilizes combining two 
different crystal phases of an electrode material, can be an alternative solution to 








Chapter 4: Design and fabrication of buckled membrane MEMS 
Sensor 
The Fabry-Perot MEMS sensor integrated with different types of 
scientific equipment (such as Raman spectrometers) demonstrates many 
advantages compared to other in situ techniques. However, observed stress 
changes remain qualitative due to the following reasons. First, the deflection of 
the membrane cannot be measured accurately. It is only possible to measure the 
approximate membrane deflection by counting the number circular rings in the 
fringe pattern. Nevertheless, due to the wavelength limitation of the laser source 
(532 nm), the resolution of the measurement is limited to half of the wavelength 
(266 nm) which is too low to correctly quantify the membrane deflection. Lastly, 
the fabrication process limits characterization of the residual stress value of the 
membrane. It is critical to correctly characterize the residual stress of the 
membrane since the deflection changes correspond to this residual stress value. 
However, the anodic bonding process, which requires high vacuum and 
temperatures to form the optical cavity, induces additional stress in the 
membrane that cannot be easily quantified. Not being able to achieve quantitative 
stress analysis prevents further investigations such as fracture energy [14] or 
stress-potential coupling [6] of the lithiated electrode, which can only be deduced 
from measuring stress changes in the electrode quantitatively.  
In order to address this limitation, a buckled membrane MEMS sensor is 





during battery operation, while characterizing the microstructural changes at the 
same time. The sensor is designed based upon the analytical calculations from 
membrane theory and its results are compared to the finite element analysis 
simulation results for verification. The multilayer membrane structure is also 
taken into account for the design of the sensor. Evidence of the bi-stable buckled 
membrane is observed and the buckling height of the fabricated membranes 
correspond well with the calculation and simulation results.  
Dr. Konstantinos Gerasopoulos contributed to the discussion of designing 
the buckled MEMS sensor.  
4.1 Buckled membrane MEMS sensor design 
The buckled membrane MEMS sensor is designed based on equation (11) 
that is explained in Chapter 1, which describes the relationship between the 
residual stress and the buckling height of the membrane. Plasma enhanced 
chemical vapor deposition (PECVD) SiO2 and Si3N4 are selected as structural 
layers of the membrane. The PECVD SiO2 layer has a compressive residual 
stress (-157.9 MPa), which induces buckling of the membrane when it is released 
from Si substrate. On the other hand, the PECVD Si3N4 layer that has a residual 
tensile stress (231.7 MPa) is added on top of the SiO2 layer in order to avoid an 
asymmetric wrinkled membrane [167]. The membrane is required to be designed 
such that it is sensitive enough to measure the change in buckling height changes 
induced by the electrode and mechanically robust enough to endure battery 





important to precisely decide the thickness of the structural layers. If the 
structural layer is too thick, the membrane will provide enough mechanical 
robustness but will not be sensitive enough to measure the stress changes in the 
electrode.  
During battery operation, the membrane needs to exhibit a continuous 
buckling height change in order to analyze how the stress evolves in the electrode. 
However, the stress change in the V2O5 electrode has not been reported in 
literature, which requires an assumption in order to predict how much the stress 
changes in the V2O5 electrode based on a reported electrode stress change in 
literature. It is reported that the Si electrode experiences a stress change from 
−1.7 GPa to 1.7 GPa induced by ~300% volume change [8]. Therefore, the V2O5 
stress change is expected to be much less compared to the Si electrode since 
V2O5 experiences ~25% volume change during lithium cycling [168]. The 
anticipated V2O5 stress change is set to be –1 GPa to 1 GPa, which is higher than 
expected, in order to prevent the buckled membrane from changing its buckling 
status from buckled down to buckled up or vice versa during electrochemical 
cycling.  
The buckling height change (100 μm in diameter) as a function of V2O5 
stress change is shown in Figure 4-1. The buckling height change is achieved 
from analytical calculation and COMSOL simulation. In the analytical 





estimated first using equation (6) and (9). Parameters that are used for the 
calculation are listed in Table 4. 
 
Figure 4-1: Buckling height of the MEMS sensor achieved from the COMSOL simulation (in 
blue) and analytical calculation (in orange) as a function of the V2O5 stress. 
Once the effective stress and the flexural rigidity are achieved, the 
buckling height change according to the V2O5 stress change (−1 GPa to 1 GPa) 
is calculated from equation (11) using MATLAB. For the COMSOL simulation, 
a circular membrane with clamped edges is drawn (Figure 4-2(a)) first using the 
same parameters listed in Table 4. The buckling height change is simulated using 
Solid Mechanics physics, which is supported by COMSOL, according to the 
same V2O5 stress change (−1 GPa to 1 GPa) (Figure 4-2(b)) using a parametric 
sweep. According to the analytical calculation and the COMSOL simulation 
results, the buckling height of the membrane changes from 2.44 μm to 1.19 μm 





calculation and the COMSOL simulation results match well, demonstrating the 
feasibility of using the membrane theory for quantifying the stress change in Li-
ion battery electrode.   
Table 4: Parameters that are used for the analytical calculation and the COMSOL simulation 







Layer 1 Si3N4 100 nm 250 GPa [169] 0.253 [169] 231.7 MPa 
Layer 2 SiO2 650 nm 70 GPa [169] 0.20 [169] −157.9 MPa 








Figure 4-2: Images achieved from COMSOL (a) drawing of the 100 um wide clamped membrane 
and (b) simulated result of the buckled membrane showing 1.88 um deflection. 
4.2 Fabrication results 
The MEMS sensor device is fabricated in the MEMS Sensors and 





material is a 4 inch Si (100) wafer (Figure 4-3(a)) as a substrate. First, 12μm 
deep alignment marks for the atomic force microscope scanning process are 
formed by deep reactive ion etching (DRIE) on one side of a Si wafer (Figure 
4-3(b)-(c)). A 500 nm thick layer of SiO2 is deposited followed by a 50 nm Si3N4 
layer on one side using plasma enhanced chemical vapor deposition (PECVD) 
(Figure 4-3(d)). The Si3N4 is used to control the residual stress of the membrane 
in order to prevent higher order buckling [167], while the SiO2 serves as both the 
membrane and an etch stop layer for the second DRIE on the ‘battery’ side of 
the wafer (from the bottom). The battery cavities are defined on the ‘battery’ side 
of the wafer using photoresist (Figure 4-3(e)) and fabricated by successive 
etching of Si (DRIE) (Figure 4-3(f)). After the fabrication process, the wafer is 
diced into individual 1 cm × 1 cm chips. SiO2, Cr/Au and V2O5 thin films are 
deposited inside the battery cavities to form the passivation, current collector and 
electrode layers, respectively. When combined with a Li-conducting electrolyte 
and metallic Li as a counter electrode in a coin cell package, the ‘battery’ side of 






Figure 4-3: MEMS membrane sensor fabrication process showing (a) substrate, (b) 
photoresist etch mask, (c) DRIE, (d) PECVD Si3N4/SiO2, (e) photoresist mask for backside 
etch and (f) DRIE to release the membrane. 
The fabrication process requires two masks as shown in Figure 4-4. The 
first mask is used for etching the membrane location indicators on the front side 
of the Si substrate using DRIE. The indicators are necessary in order to locate 
the membrane easily during AFM measurements. The second mask determines 
the membrane diameters (100, 110 and 120 μm) and location on the backside of 
the Si substrate. The membrane is released using DRIE and SEM images of the 






Figure 4-4: Schematic of the buckled MEMS sensor mask design. 
 
 
Figure 4-5: SEM images of the 120 μm wide (a) buckled up and (b) buckled down 
membranes. 
The membrane can either buckle up or down since it has the bi-stable state 
as explained in 1.3.3.1 Membrane buckling. Evidence of the bi-stable buckled 
membrane is also observed in the fabricated membranes as shown in Figure 4-5. 





there are distinctive differences between the buckled up and down membranes 
in the SEM images. 
4.3 Chapter summary 
The study in this chapter focused on designing and fabricating the buckled 
membrane MEMS sensor based on the membrane theory. The buckled 
membrane has been adopted for designing the MEMS sensor in order to utilize 
the ability to translate small in-plane strain into relatively large vertical 
displacement. The multilayer membrane structure is required in order to perform 
electrochemical tests as a LIB. Therefore, the effective residual stress and 
effective flexural rigidity of the multilayer membrane are utilized in the design 
of the sensor.  
After fabricating the buckled membrane MEMS sensor, buckling heights 
of the MEMS sensor membranes with different diameters (100, 110 and 120 μm) 
are measured using the AFM. The buckling heights exhibit good agreement with 
the analytical calculation and the simulation results, which shows the feasibility 






Chapter 5: In Situ Study of V2O5 Electrode using buckled 
membrane MEMS sensor platform 
This chapter discusses an integration of the buckled membrane MEMS 
sensor with advanced microscopy/spectroscopy instrumentation for quantitative 
stress characterization and microstructural analysis, highlighting the potential of 
MEMS as enabling tools for advanced scientific investigations of thin film Li-
ion battery electrodes.  
Dr. Chuan-Fu Lin contributed to designing the buckled membrane MEMS 
sensor platform and executing experiments. 
5.1 Experimental setup  
5.1.1 AFM Measurement 
Buckling heights of the fabricated MEMS sensor membranes with 
different diameters (100, 110 and 120 μm) are measured using the AFM 
(NTEGRA Spectra, NT-MDT), which is shown in Figure 5-1. The equipment is 
capable of executing sequential AFM and confocal Raman spectroscopy 







Figure 5-1: Optical image of the NTEGRA Spectra. 
The diced chip (1 cm × 1 cm) containing one buckled membrane MEMS 
sensor is placed on top of the XYZ scanner stage (Figure 5-2), which is driven 
by a piezoceramic material. Once the AFM measurement starts, the XYZ scanner 
stage scans the entire buckled membrane area (120 μm × 120 μm) using tapping 
mode. The scanning result of the 120 μm wide buckled membrane is shown in 
Figure 5-3. The AFM measurement results for different membrane diameters are 
compared with the analytical calculation results (equation (11)) and the 
COMSOL simulation results (Figure 5-4). The buckling heights exhibit good 
agreement with the analytical calculation and the simulation results, which 







Figure 5-2: Close-up view of the MEMS sensor which is placed on the XYZ scanner stage 











Figure 5-4: Buckling height data for three membranes with different diameters obtained 
using analytical calculations, COMSOL simulation and AFM measurement. 
5.1.2 Raman spectroscopy measurement 
Microstructural changes of the electrode during battery operation have 
been analyzed using Raman spectroscopy measurements. However, the V2O5 
electrode is placed underneath the structural layers (100 nm Si3N4 and 650 nm 
SiO2) and the current collector (10 nm Cr and 15 nm Au), which has been 
discussed in 1.3.3.1 Membrane structure. Therefore, it is important to verify 
whether the electrode can still be probed through the different layers using 
Raman spectroscopy. Figure 5-5 shows a comparison between the Raman 
spectrum of sputtered V2O5 from literature and ALD deposited V2O5 from an 
actual measurement using the platform (Figure 5-1). Crystalline V2O5 is known 





labeled in Figure 5-5(a) [3]. The same Raman peaks are also observed in the 
ALD deposited V2O5 probed using the measurement setup Figure 5-5(b), which 
demonstrates that excitation with a 632 nm radiation for analysis using the 
Raman spectroscopy is capable of accessing the electrode underneath the 
different layers. 
 
Figure 5-5: Raman spectrum of (a) sputtered V2O5 and (b) ALD V2O5. 
5.2 Packaging 
New packaging is devised to facilitate the experiment using the AFM and 
the Raman spectroscopy measurements during battery operation. Due to the 
hermetic sealing requirements for proper Li-ion battery operation, a new custom-
made electrochemical cell packaging scheme has been created. The new 
packaging scheme modified the existing packaging scheme, which has been 
already demonstrated and verified from the previous work reported from our 





A perspective view of the cell that has been developed for packaging the 
buckled membrane MEMS sensor is shown in Figure 5-6. A standard coin cell 
is modified with an opening (7 mm in diameter) to enable AFM and Raman 
spectroscopy measurements. Lithium foil is used as the counter electrode and an 
organic electrolyte fills the entire coin cell base. A polymer separator is used to 
prevent direct contact of the Lithium foil with the working electrode. The MEMS 
device then be placed on top, with the through-hole cavity facing the separator. 
Aluminum foil with conductive adhesive tape (1179 tape, 3M) is used to 
interface the device to the conductive top coin cell manifold.  
 
Figure 5-6: Perspective view of the electrochemical cell that has been developed for this work: a 
standard coin cell is modified with an optical window to give access to AFM and Raman 
spectroscopy measurements. Lithium foil is used as the counter electrode and a polymer 
separator is used to facilitate proper wetting with the liquid electrolyte. The MEMS sensor is 
connected to the coin cell cover with conductive tape. 
In the new packaging scheme, the wider opening is created compared to 





in order to help the AFM tip to reach the membrane (Figure 5-7). The 
electrochemical cell is assembled in a glove box; however, the new packaging 
scheme permits reliable and robust operation in ambient atmosphere. The new 
packaging scheme is an important enabling factor which allows in situ 
measurements of both AFM and Raman spectroscopy in ambient atmosphere. 
 
Figure 5-7: Optical image of the (a) previous packaging scheme and (b) new packaging scheme 
with wider opening and thinner aluminum adhesive tape. 
5.3 Experimental results 
The buckled membrane MEMS sensor which is packaged in the 
customized coin cell (Figure 5-7(b)) is connected to a potentiostat 
(Compactstat.e, Ivium Technologies) and placed under an NTEGRA Spectra 
microscope as shown in Figure 5-8. A galvanostatic lithium cycling is conducted 
using the potentiostat in the voltage range of 2.8V - 3.5V with a current density 
of 350 nA/cm2. All experiments are conducted in air under normal ambient 
conditions and both AFM and Raman measurements are taken sequentially 






Figure 5-8: Simplified diagrams of the experimental setup and a photograph of the 
modified coin cell. 
The buckling height changes, which are measured using the AFM, are 
used to quantify the V2O5 stress change using the equations discussed in Chapter 
4. First, the effective stresses of the membrane at different time points are 
calculated back from equation (11) by inserting the measured buckling height 
values. As a result, the effective stress values of the membrane are achieved. The 
stress values for the V2O5 are then calculated from equation (6) and previously 
measured stress values for other films. Initial stress of the V2O5 is calculated 
from the buckled height of the membrane, which is measured before the 
electrochemical test. The differential stress values, which are show in Figure 





values. Upon lithium insertion (discharge), V2O5 contracts and the tensile stress 
in the V2O5 increases gradually until the ε- to δ-phase transition occurs. The 
lattice constant a, which is parallel to the plane direction, elongates in the ε- to 
δ-phase transition and induces a lower tensile stress as observed in Figure 5-9(a). 
During lithium extraction (charge), the electrode recovers its initial stress.  
Simultaneously, in situ Raman spectra are collected and representative 
data at various points along the discharge/charge curve (black circles in Figure 
5-9(a)) are plotted in Figure 5-9(b). The Raman intensity change at 148 cm−1 
(V2O5 layer order/disorder peak) shows that the level of disorder increases during 
lithium insertion as observed by the disappearance of the peak as shown in Figure 
5-9(b). Similarly, the Raman intensity at 148 cm−1 progressively recovers as the 
V2O5 lattice structure during lithium extraction becomes more ordered. This can 
be observed as the re-appearance of the peak at 148 cm−1 as seen in Figure 5-9(b). 
The results are in good agreement with the expected mechanical behavior 
and disorder changes in V2O5, which is the first demonstration of in situ analysis 







Figure 5-9: (a) Discharge/charge and stress vs. time graphs, (b) in situ Raman spectra series at 
various potentials along the discharge/charge curve (black circles), highlighting the 148 cm−1 
peak. 
5.4 Chapter summary 
By integrating the buckled membrane MEMS sensor with the equipment 





measurements, a multi-modal in situ characterization platform for simultaneous 
characterization of stress and microstructure evolutions in LIB electrodes is 
developed. The thin buckled membrane is coated with V2O5 cathode on the 
backside and enables the AFM and Raman spectroscopy from the topside. Using 
dual-mode measurements, both the induced stress and Raman intensity changes 
due to lithium cycling are observed during the α- to δ-phase transitions. Results 
are in good agreement with the expected mechanical behavior and disorder 
change in V2O5 electrode. Additionally, the buckled membrane MEMS sensor 
platform addresses the qualitative stress analysis limitation of the Fabry-Perot 
MEMS sensor platform, enabling further investigations of important parameters 
affecting battery performance (e.g. biaxial modulus and fracture energy), which 
can only be deduced from measuring stress changes in the electrode 
quantitatively. 
The buckled membrane MEMS sensor platform can also be utilized in 
studying phase dependent stress-potential coupling. The stress-potential 
coupling has been studied in order to measure loss of the battery efficiency. As 
previously shown, the coexistence of two distinct phases induces abnormal stress 
changes in the electrode. Also, the phase transformation from the γ- to ω-phase 
causes dramatic stress change in the electrode, but its influence on the electric 
potential due to specific phase transitions/transformations has not been 





be utilized in unraveling the LIB degradation mechanisms and further improving 
the LIB performance. 
Compared to the Fabry-Perot MEMS sensor platform, the buckled 
membrane MEMS sensor platform has a disadvantage in taking the AFM and 
Raman spectroscopy measurements due to the equipment capability. The 
feedback laser for AFM measurement and excitation laser for Raman 
spectroscopy measurement are guided using the same microscope. This indicates 
the focal plane of the two lasers should always be the same. However, in order 
to achieve the highest quality measurement results, the feedback laser for AFM 
and excitation laser for Raman spectroscopy measurement should be focused on 
top of the AFM cantilever and the surface of the buckled MEMS sensor 
membrane, respectively. Hence, currently, the focal plane of the laser is 







Chapter 6: Concluding Remarks 
6.1 Summary 
A set of new in situ characterization platforms have been designed 
specifically to aid investigations of LIB electrodes. Many types of in situ 
methods and analysis techniques exist and are widely employed in terms of 
characterizing stress and microstructural evolutions in the electrodes, and each 
presents a set of advantages and limitations for LIB research. The platforms 
created in this work combine the benefits of separate technologies by utilizing 
MEMS technology to address challenges in the current technology. The MEMS 
sensors are designed and integrated with scientific equipment to enable in situ 
characterization of stress and microstructural changes in LIB electrode, which 
has been mainly limited to providing either the stress or microstructural changes 
for battery research. 
The Fabry-Perot MEMS sensor platform developed in this work addresses 
a need for development of techniques which are capable of capturing in real time 
the microstructural changes and the associated stress during battery operation, 
which is crucial for unraveling the LIB degradation mechanisms and further 
improving the LIB performance. This is accomplished by integrating the Fabry-
Perot MEMS sensor with a commercially available Raman microscope which 
allows simultaneous measurement of microstructural changes using μRaman 
spectroscopy in parallel with qualitative stress changes via optical interferometry. 





accomplished. Characterization of the evolution in microstructure and stress in 
various crystal phases in the LixV2O5 electrode is achieved, including both 
reversible and irreversible phase transitions. Also the integrated platform 
demonstrates a unique advantage in the visualization of the phase transitions and 
transformations in the electrode, including the pronounced puckering in the V2O5 
electrode structure and the dramatic change when the electrode is transformed 
from γ- to ω-phase. The microstructural evolutions in the electrode are analyzed 
using μRaman spectroscopy and corresponding stress changes depending on 
different phases of the electrode are concurrently characterized by analyzing the 
interference patterns of the Fabry-Perot MEMS sensor membrane. Also, 
previously hypothesized origins of the Raman shifts in certain Raman active 
modes are confirmed by correlating the spectral shifts with the changes in the 
electrode stress. Additionally, the Fabry-Perot MEMS sensor platform has been 
utilized to analyze effects of varying C-rates on the microstructure of and stress 
in V2O5 thin film cathodes. The abrupt changes at certain crystal phase 
transitions in the LixV2O5 electrode are observed, and the magnitude of the stress 
changes with the amount of lithium inserted into the electrode are correlated. 
Simultaneously, a faster increase of disorder within the LixV2O5 layers is 
observed when the electrode is cycled at higher C-rates.  
The Fabry-Perot MEMS sensor has been also utilized to demonstrate 
stress and stress gradient in LIB electrode can be altered by combining two 





technique for controlling the stress and stress gradient in the electrode for 
investigation of battery degradation mechanisms, which have been studied 
mainly using finite models or numerical simulations. By stacking alternately 
stressed layers, the average stress in the electrode is greatly reduced by 75% 
while a high stress gradient is induced at the boundary of the layers. The 
crystalline V2O5 electrodes retain ~ 91% of their maximum capacity, while the 
stacked electrodes retain only ~ 83%. This faster degradation in the stacked 
electrodes is due to the high stress gradient at the boundary of the layers in spite 
of the reduced stress, and therefore the results illuminate the importance of the 
stress gradient within the electrode.  
The second platform developed in this work addresses the limitation of 
the Fabry-Perot MEMS sensor platform, which is the qualitative stress 
characterization, by utilizing the buckled membrane MEMS sensor. The sensor 
is developed and integrated with equipment capable of performing AFM and 
Raman spectroscopy measurements in a unified setup. The buckling height 
changes are measured using AFM, enabling quantification of the stress changes 
in the electrode. At the same time, Raman spectroscopy is utilized to probe the 
electrode in order to examine the microstructural changes during battery 
operation. Thus, the buckled membrane MEMS sensor platform demonstrates a 
new technique which can simultaneously analyze the two critical factors related 





6.2 Future work 
The work presented in this dissertation reveals several avenues for further 
investigation. These research directions can be classified as either technology-
driven, integrating two-dimensional Raman mapping functionality into the 
Fabry-Perot MEMS sensor platform, or as application-driven, investigating the 
development of a stress-free electrode. 
Integrating two-dimensional Raman mapping with Fabry-Perot MEMS 
sensor platform: 
 
Figure 6-1: (a) Stress distribution of the electrode underneath the clamped circular membrane 
and (b) Raman mapping of the electrode, illustrating distribution of Raman peak shift. 
During the battery operation, the V2O5 electrode underneath the clamped 
circular membrane exhibits stress distribution according to the shape of the 





diffusion into the electrode, which has largely remained unknown since it can 
only be studied using finite models or numerical simulations.  
Raman mapping is a powerful and non-destructive method capable of 
measuring mechanical stress with micrometric spatial resolution. This method 
yields two-dimensional images of the device structure by mapping local strain 
variations [171]. A complete spectrum is acquired at each and every pixel of the 
image within the designated area, and then interrogated to generate false color 
images based on material composition, phase, crystallinity and strain. After 
integrating this technique with the Fabry-Perot MEMS sensor platform, it will 
allow you to characterize how Li-ions are inserted into the electrode depending 
on the stress distribution in the electrode (Figure 6-1b).  
Development of a stress-free electrode: 
As previously discussed, repeated volume expansion, phase transition, 
and the associated Li diffusion-induced stress within electrode materials can lead 
to their pulverization and electrical isolation from the current collector which 
results in capacity loss. Therefore, considerable efforts have been made to 
minimize the Li diffusion-induced stress and increase cycle life of LIBs.  
Development of a stress-free electrode which enables zero Li diffusion-
induced stress during battery operation can lead to extended cycle life. In the 
previous experiments, the first demonstration of stacking two alternately stressed 
layers for investigation of battery degradation mechanisms has been presented. 





stress gradient at the boundary of the layers in spite of the reduced stress.  One 
way to avoid this high stress gradient in the electrode is to stack multiple layers 
of alternately stressed layers (Figure 6-2). The tensile stress induced in the 
crystalline V2O5 (c-V2O5) layers and compressive stress from the amorphous 
V2O5 layers (a-V2O5) will compensate each other. At the same time, the stress 
gradient at the boundary of the layers will be evenly distributed in the vertical 
direction of the electrode, reducing the high stress gradient.  
 
Figure 6-2: Simple diagram showing a stack of alternately stressed crystalline and amorphous 
V2O5 layers. 
6.3 Conclusion 
LIBs are the most pervasive energy storage devices providing high energy 
density while being compact and light-weight. Recently, new electric 





vehicles, and fully electric vehicles are becoming more and more important and 
these vehicles require even higher energy density and cycle life as well as 
improved safety and lower cost. A key challenge in these efforts has been 
understanding and characterizing these materials during battery operation. This 
need was addressed in this dissertation through the development MEMS sensor 
platforms for in situ characterization of stress and microstructural evolutions in 
LIB electrodes. The results demonstrated the unique advantages of using MEMS 
technology for battery research, especially for integration with different 
scientific equipment. These MEMS sensor platforms be eventually utilized for 
optimization of the LIB electrode performance by achieving fundamental 






Appendix A: JavaScript 
This JavaScript code automatically records a series of interference 
patterns and Raman spectroscopy measurement results sequentially in the 
computer connected to the Raman microscope throughout the entire experiment, 
along with a time stamp. 
 
' Variable declaration 
Const START_VIDEO = 0 
Const SHOW_DATA = 0 
Const HIDE_DATA = 1 
Const REMOVE_DATA = 2 
Const STOP_VIDEO = 1 
Const GET_VIDEO_ID = 2 
 
' Constant declaration, Use LabSpec parameters 
Const ACQ_LABSPEC_PARAM = 2  
' Constant declaration, Automatically show the data 
Const ACQ_AUTO_SHOW = 10  
' Use LabSpec parameters and automatically 





For MainIndex = 1 to 9999999 ' Do 2000 iterations For test 
    TakeRaman() 
    TurnVideoOn()          
next 
'End of the main program 
 
Private Sub TurnVideoOn() 
    Dim VideoIndex 
    Dim PauseTime1 
    Dim PauseTime2 
    Dim sec 
    Dim zero 
    Dim mon 
    Dim dat 





    Dim min 
    Dim ImagePath 
    Dim ImageName 
 
    zero="0" 
    PauseTime1 = 5 
    PauseTime2 = 15 
    ImagePath="C:\Documents and Settings\RAMAN\ " 'Folder needs to be specified 
     
    For VideoIndex = 1 to 2 
        LabSpec.Video START_VIDEO ' Start Video 
        do 
            VideoID = LabSpec.Video(GET_VIDEO_ID) ' Wait for the Video to be ready 
        Loop Until VideoID>0 
        LabSpec.Exec VideoID, HIDE_DATA, Param ' HIDE_DATA 
        LabSpec.Pause PauseTime1 * 1000 ' Pause Time For 5 sec       
        LabSpec.Video STOP_VIDEO ' Stop The Video Image         
 
        if DatePart("m",Now()) < 10 then 
            mon = zero & DatePart("m",Now()) 
        else 
            mon = DatePart("m",Now()) 
        end if 
 
        if DatePart("d",Now()) < 10 then 
            dat = zero & DatePart("d",Now()) 
        else 
            dat = DatePart("d",Now()) 
        end if 
 
        if DatePart("h",Now()) < 10 then 
            hou = zero & DatePart("h",Now()) 
        else 
            hou = DatePart("h",Now()) 
        end if 
 
        if DatePart("n",Now()) < 10 then 
            min = zero & DatePart("n",Now()) 
        else 
            min = DatePart("n",Now()) 
        end If 
         
        If DatePart("s",Now()) < 10 then 





        else 
            sec = DatePart("s",Now()) 
        end If 
         
        ImageName = mon & dat & hou & min & sec 
        LabSpec.Save VideoID, ImagePath & ImageName & ".jpg", "jpg" ' Save Video 
Image 
        LabSpec.Exec VideoID, REMOVE_DATA, Param 
        LabSpec.Pause PauseTime2 * 1000 ' Pause Time For 15 sec 
    next             
End Sub 
 
Private Sub TakeRaman() 
    Dim FileName ' Variable declaration to store the data file name 
    Dim DataID ' variable to store the data ID 
    Dim Param ' Variable declaration, not used with SHOW_DATA 
    Dim Format ' Variable declaration to store the data format 
    Dim ReturnValue ' Variable declaration to store the return value 
    Dim Index ' Variable declaration to store the file Index 
    Dim Mode ' Variable declaration, Acquisition mode 
    Dim IntegrationTime ' Variable declaration, Acquisition time 
    Dim AccumulationNum ' Variable declaration, Number of Accumulation 
    Dim AcqFrom ' Variable declaration, Spectral range from 
    Dim AcqTo ' Variable declaration, Spectral range to 
    Dim zero 
    Dim mon 
    Dim min 
    Dim dat 
    Dim hou 
    Dim sec 
 
    zero="0"     
    FilePath = "C:\Documents and Settings\RAMAN\" 'Folder needs to be specified 
    IntegrationTime = 30  ' Not used 
    AccumulationNum = 3  ' Not used 
     
    LabSpec.Acq Mode,IntegrationTime,AccumulationNum,AcqFrom,AcqTo ' Start 
an acquisition 
    do 
        DataID=LabSpec.GetAcqID() ' Wait until Spectrum is ready (acquisition is 
done) 
    Loop Until DataID>0 
     





            mon = zero & DatePart("m",Now()) 
    else 
        mon = DatePart("m",Now()) 
    end if 
 
    if DatePart("d",Now()) < 10 then 
        dat = zero & DatePart("d",Now()) 
    else 
        dat = DatePart("d",Now()) 
    end if 
 
    if DatePart("h",Now()) < 10 then 
        hou = zero & DatePart("h",Now()) 
    else 
        hou = DatePart("h",Now()) 
    end if 
 
    if DatePart("n",Now()) < 10 then 
        min = zero & DatePart("n",Now()) 
    else 
        min = DatePart("n",Now()) 
    End If 
 
    If DatePart("s",Now()) < 10 Then 
        sec = zero & DatePart("s",Now()) 
    else 
        sec = DatePart("s",Now()) 
    end if 
         
    FileName = mon & dat & hou & min & sec   
    Format= "ngs" 
    LabSpec.Save DataID, FilePath & FileName & ".ngs", Format ' Save acquired data 
to the disk   
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